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SIIOPSIS
fhe work of t h i s  fh e a ie  i a  p resen ted  i n  two parts*
Part I g ives  a fo rce  an a lysis  f o r  th e  c ran ksh aft of a 
six-*cylinder d ie s e l  engine with seven main hearings? l a t e r  
used as a t e s t  engine*
The a c t io n  of c e n t r i fu g a l  fo rces?  and a l l  fo rc e s  due to  
th e  to r s io n a l  v ib ra t io n s  of the crankshaft?  were considered*
The crankshaft was considered as a continuoua e l a s t i c  
body simply supported in  the  h earin g s  and? thus? the  lo ad s  on 
th e  hearin gs  due to  the  above fo rce  ac tions?  were obtained*
The behaviour o f the  fo u r th  main journal b earin g  
subjected to  a load? as described above? was then  studied*
F i r s t ly ?  a n a ly t ic a l  work was c a r r ie d  out to  f in d  the  
jo u rn a l  l a t e r a l  displacem ents.
Secondly? the corresponding d isp lacem ents were 
i n v e s t i  gated experim en ta lly  #
E le c tro n ic  measurement gear was designed f o r  the  
purpose and found to  fu n c tio n  s a t i s f a c t o r i l y  *
F in a lly ?  experim ental and a n a ly t ic a l  r e s u l t s  were 
compared? and the  con d ition s  fo r  whioh th e  t h e o r e t i c a l  fo rc e -  
d isplacem ent a n a ly s is  was valid? were th u s  es tab lished*
(v i l  )
F a r t  I I  con ta in s  a study of sh r in k -fitted  assem blies 
loaded in  to rs io n »
F i r s t ly ?  an a n a ly t ic a l  examination was c a r r ie d  out 
f o r  a r in g  f i t t e d  over a p la in  s h a f t « S t if fn e s se s?  s t r e s s  
c o n ce n tra tio n s  and energy d is s ip a t io n  for such assem blies 
were computed *
I t  was found th a t  app rec iab le  d i s s ip a t io n  of v ib r a t io n a l  
energy occurs as a r e s u l t  of d i f f e r e n t i a l  s l i p  between the  
r in g  and th e  sh a f t  «
Secondly? t h i s  energy d ieeip a tion  was in v e s t ig a te d  
experim en ta lly  in  terms of percentage damping f o r  t e s t  
specimens in c o rp o ra t in g  s h r in k - f i t t e d  assemblies*
Experim ental gear was developed f o r  the  purpose? 
in tro d u c in g  some Improvements of arrangements used by 
in v e s t ig a to r s  of in tern a l damping*
The experim ental r e s u l t s  obtained confirmed the  
t h e o r e t i c a l  work and? thus? i t  was e s ta b l is h e d  th a t  sh rin k -  
f i t  damping may be an im portant source of damping f o r  b u i l t -  
up c ran k sh a f ts .
F in a lly ?  some in t e r e s t i n g  Inform ation  rela ted  to  the  
c o e f f ic ie n t  of f r i c t i o n  between the  hub and the  sh a f t  of the  
s h r in k - f i t t e d  assem blies? was obtained.
fOREWOlD
Before Imtroâmeimg th e  general work of tM s  Thesis? i t  
l a  the  author* s wish to  say some words about people who 
direotX y o r i n d i r e c t ly  have made t h e i r  o o n tr i lm tlo n s .
F ir s t  of a l l?  the author would l i k e  to  aonvey h is  thanks 
to  P ro fe s so r  A*8»T»Thomson? D»8o* )Ph»D. pM.I.MeohftB,,
P ro fe sso r  JaOoOrlmey? B#8o, pM*I#Meoh,E* ?M.I #E#E* ? and 
P ro fe sso r  A#W»8oott@ ?Ph*D# ?M4l,Meoh#E» ? f o r
advice and enaouragement? as  w ell as f o r  the use of labora­
to r ie s  and the  p ro v is io n  of m aterials and serv ices#
Thanks are a lso  due to IWr * W # B # MoEut chi s on ? B*8o# ? A#R#T,G»? 
IhftSohft ? fo r  many valuable id eas and
eugge é tions#
She au tho r  would a lso  l ik e  to  convey M e thanks to  the  
te o to ic la n s  i n  the v ib ration  lab o ra to ry?  the  machine shops 
and the heat engines la b o ra to ry  for  th e ir  help? and would in  
p a r t i c u l a r  l i k e  to  mention Mr* J*Bey f o r  h i s  o o n a tru c tio n  of 
e le c t ro n ic  gear#
Many thanks a re  due to  Rolls-Royce l td » ?  Oil Engine 
D ivision  g Derby? f o r  th e  p rov is io n  of the  t e s t  engine 
R,R0 Oft60 Hr#51#
'Many p a r t s  of th e  th eo re tica l a n a ly s is  which are  
p resen ted  in  th is  Thesis  o m  be found i n  ava ilab le  l i t e r a t u r e .
2#
I t  was o f te n  neoeasary? however? to ca rry  out raod lfica tione  
and sometimes extensions? to  b r in g  th e  aaalyslB  in to  
complete im ite#
The c ran k sh aft a n a ly s is  is?  h a t  f o r  minor d iffe ren ces?  
taken  from Timoshenko *
The jo u rn a l b ea rin g  a n a ly s is  o r ig in a te s  from Stodola 
and hae been developed la te r ?  hut i t  was necessa ry  for  th e  
au th o r  to  ca rry  out m o d ifica tio n s  where p rev ious work 
showed con trad io tionB  between a n a ly s is  and defin ition©
The a n a ly s is  o f s h r in k - f111ed assem blies Is?  but f o r
tecW lgue? e n t i r e ly  due to  the  author*
The experim ental work has been c a r r ie d  out a t  the  
lo y a l  College of Selene© end Technology? Glasgow#
B esides th e  genera l la b o ra to ry  assistance? the  au thor 
has been fo r tu n a te  to  be ab le  to  d i r e c t  the  work of v a r io u s  
s tu d en ts  towards a com on aim#
natu ra lly  ? t h i s  o rg a n isa t io n  of th e  experim ental work 
paid  d iv idends i n  th e  form of a l a r g e r  volume of r e su l ts#
SM s Thesis  i s  ano ther work p resen ted  i n  a f i e l d  which 
has a lread y  been s tu d ied  f o r  n e a r ly  f i f t y  years» Itien i t  
was f i r s t  r e a l i s e d  th a t  v ib r a t io n  could be a s e r io u s  danger 
to  c rankshafts?  p u b l ic a t io n s  on the  su b jec t  follow ed as a 
n a tu r a l  consequence « Through time th e  volume of p ub lica ­
t io n s  has s te a d i ly  increased? but i t  can by no means be 
said  t h a t  the  su b je c t  i s  y e t  exhausted#
à  b r i e f  survey o f  the h is to ry  o f th e  su b je c t  w i l l  now 
fee given? but i t  should fee kep t in  mind t h a t  h is to r y  i n  
i t s e l f  I s  no t the o b je c t  -  the  id e a  feeing to  e s ta b l i s h  a 
feaekground f o r  p resen t-d ay  knowledge»
V ib ra tio n s  are  g en e ra lly  a sso c ia te d  w ith  dangerous 
resonance frequencies -  co n d itio n s  which th e  d es igner 
p r e fe r s  to  avoid* H aturally , the  study o f  v ib r a t io n  was 
th e re fo re  in  the  beginning confined to determ in ing  these  
co n d itio n s  or? i n  o th e r  words? resonance frequencies#
For th is  purpose? a c ran ksh aft system i s  most conveniently  
reduced to  an e q u iv a len t system c o n s is t in g  o f  fe©.laneed 
i n e r t i a s  f ix e d  to  a p la in  shaft?  and i t  i s  s u f f ic ie n t  to  
co ns id e r  I n e r t i a  fo rc e s  and s t i f f n e s s  fo rc e s  only. Much 
work has been dome on th is  side  of the su b je c t  and today 
resonance f req u e n c ie s  f o r  c ran k sh a f ts  can fee p red ic ted  w ith
4reaaonable  certainty©
However? w ith  improved knowledge ? the  eoope o f the 
au b jee t a lso  lao reaeed  and to r s io n a l  v ib r a t io n s  were 
g rad u a lly  considered  in  a d i f f e r e n t  l ig h t#
As th e  requirem ents went up? resonance con d itio n s  
could n o t always be avoided and i n t e r e s t  had to  he focussed  
on am plitudes o f v ib r a t io n  as well as c r i t i c a l  speeds» 
Oonaequently@ i t  became necessary  to  extend the ana lyses  to  
in c lu d e  v e l o o i t y - r e s l é ta n t  fo rc e s  and energy d issipation©  
Thus? th e  study of damping arose  as a  s id e - l i n e  to  th a t  of 
c ran k sh aft to r s io n a l  v ib ra tio n s»
Generally? damping has a lso  been t r e a te d  q u ite  ex ten­
s iv e ly  in  the  a v a i la b le  l i t e r a t u r e  and? i n  p a r t ic u la r?  much 
a t t e n t io n  has been paid  to  I n te r n a l  damping# However? the  
knowledge about damping i n  r e l a t io n  to  to r s io n a l  v ib ra t io n s  
of c ran k sh a fte  s t i l l  remains somewhat o b scu re? although some 
p u b l ic a t io n s  make v a lu ab le  o o n tr lb u tio n e  to  the  Bubjeot*
I t  w i l l  fee convenient to  give a sh o r t  survey o f  some of 
the works#-
Dorey made a p a r t i c u l a r  study of the im portance of 
i n t e r n a l  damping^^  ^#
Shannon d iscovered  th a t  a main p a r t  o f th e  energy
( l )  Dorey?8#F# -  E l a s t i c  H y ste res is  i n  Crankshaft S teels#
(Proo#InBt#Mech#lng#- Dec# 1 9 3 2 ) *
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d iss ip a tio n  o f the onanlcshaft system ooewrrsa in  the 
hearings and Draiainsky la te r  earried out a c lo ser  study
t l ,  2 )the same phenomenon'■" * «
®he importanoe o f cylinder f r ic t io n  damping has been 
disoussed hy various authors and found to he small and 
other sources o f damping? such as fundament damping, are 
also  small as \re ll as d i f f io u l t  to approach hy analyses.
She general p icture emerging from the ahove i s  th a t, 
although various sources o f  damping have hsen studied in  
some d e ta il ,  i t  i s  not yet p ossib le  to predict the damping 
of an engine crankshaft system q u a n tita tiv e ly  at the d e s lg i  
sta g e . f b is  i s  p artly  due to lack  o f d eta iled  inform ation  
ahottt the various souroes o f dmaplng but, in  the author’s 
opinion, the main ob stacle  l i e s  in  the lack  o f an overa ll 
force  a n a ly sis  fo r  the crankshaft system.
A proper force a n a ly sis  would a lso  cari’y a second 
advantage. Since energy d iss ip a tio n  i s  a d irec t r e su lt  of 
force  a ctio n , p rin cip a l sources o f damping can toe expected 
where the v ib ra tio n a l forces are la r g e s t . As w ell as 
helping to c la r ify  the p icture of already knoim sources o f  
damping, a force  a n a ly sis  may therefore g ive a lead to other
i-h,  ..------------p-MT— t^TTTTïrT'T "Tr- rtnTHI Ti^— tT~ TTri lIffîTliT'ÉlUl h im
(1) ShaimoM? JftF*- Damping In flu ence  in  Torsional
0 B e i l l a t i  on » -  ( I ub t  * Me eh» Bag .-Dee© 1935)
(2) Dramineky??»- Daempnlngen Ted forB ionssv ingn inger
X I'OT.mtapakBler»- Copenhagen? 1947.
6BouroBB whloh are? ae yet? xmdiecovered©
With the  above co n e ld e ra tio n s  as a baokgroimd? i t  
was decided fey th e  au thor to make h is  f i r s t  approach to  the  
study o f to r s io n a l  v ib ra tio n s i n  the  form of an attem pt on 
a fo rce  analysis#
By laaîcing some asanmptions which seemed, reasonable  ? i t  
was found th a t  a fo rc e  a n a ly s is  f o r  th e  c ran k sh aft  system 
was possib le?  though somewhat lengthy#
The a n a ly s is  developed? as i t  appears i n  i t s  f i n a l  
form, i s  given in  th e  f i r s t  main sec tio n  of t h i s  Thesis.
I t  contains fo u r  chapters? the f i r s t  of which i s  devoted to 
the e l a s t i c  behaviour of s in g le  orsmlcs. The second chap­
te r  i s  an ex tension  which d ea ls  w ith th e  behaviour of multi- 
b ea rin g  crankshafts. The th i rd  chapter then  gives an 
a n a ly sis  of some genera l app lied  forces and? f in a l ly ?  the  
fo u r th  d ea ls  w ith  the e f f e c t  of certa in  cran k sh aft loads  on 
the b e a r in g s .
A numerical example rela ted  to  the  c ran ksh aft o f a 
s ix -cy lin d er  d ie s e l  engine (l#E« 0* 60.)?  on which t e s t s  
were l a t e r  c a r r ie d  out? has been talcen r i g h t  through the 
e n t i r e  a n a ly s is  as an i l l u s t r a t i o n  to the sym bolical work.
Throughout the progress  of a th e o r e t i c a l  an a ly s is?  i t  
l a  in v a r ia b ly  found t h a t  c e r ta in  p o in ts  v i t a l  to  the
7%
aiialyalB as a whole ? cannot be In v e s t ig a te d  as thoroughly 
as would be d e s i r e d # The n e o e s s i ty  f o r  experim ental 
i n v e s t ig a t io n  w i l l  be obvious? but d l f f i  oui t i e s  may be 
inoitrreclft Under such circumstanoes? i t  i s  ju s t if ia b le  to  
make aesumptions i n  the  hope th a t  p rog ress  w ith  the 
t h e o r e t i c a l  a n a ly s is  w i l l  l a t e r  rev ea l fea tu res of the 
o v e ra l l  problem which suggest sim pler experim ental stu d ies .
The above described s ta te  of a f fa ir s  i s  o h a r a c té r ia t io  
of th e  author* s work on crankshafts and? consequently , the
need f o r  experim ental support i s  evident# Further? s ince  
ao tu a l  crankshaft loads  can only be measured w ith  g re a t  
d i f f i c u l ty ?  i t  was decided to  seek o th e r  p o s s ib i l i t i e s #
The s o lu t io n  f i n a l l y  was to  make use of the  v a r ia t io n s  
i n  o i l - f i l m  th ic k n e ss  f o r  one o f  th e  jo u rn a l bearings  as a 
measure o f the  load  c a r r ie d  by th is  bearing.
Experim ental measurements o f  the  v a r ia t io n s  in  o l l - f l lm  
thlolmesB fo r  journal bearings  have been c a r r ie d  out by 
v a r io u s  people? of whom? i n  p a r t ic u la r?  Kollmann and Hockel 
should be mentioned. They c a r r ie d  out measurements on a 
medium speed d ie s e l  engine ? u s in g  cap ac ity  piok-up u n i te  in  
con junc tion  w ith  e le c t ro n ic  measurement gear operating on 
the p r in c ip le  of frequency m o d u la tio n ^   ^*
(1) Kollmann^K# and HookelglLB. -  Bzmittlung der Molce des
Bohmierfilme in  den Gmndlagern e in e r  
B ta tlo naren  Dieselmotora#- Jahrgang
14» mr%5. May? 1953#
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Prinolpally? the author has made use o f the same system  
as ïCollmaim and Eookel, hut some m odlfloatiom s were inoor-
pora ted  to s u i t  p a r t i c u l a r  requ irem ents. I t  was found th a t  
r e lia b le  experimental readings oould he obtained and eoon a
p o s i t io n  was reached where crankshaft fc rc e a  and bearing  
displacem ents f o r  a m u lti-cy lin d er d ie s e l  engine could be 
disoussed in  the l i g h t  o f experim ental ? as w ell as t h e o r e t i ­
c a l  inform ation#
F in a lly , the fo llow ing  conclusion was reached© f o r  an 
engine w ith  normal b ea rin g  c learances  and heavy crankshaft 
loads? th e  th e o r e t i c a l  fo rce  a n a ly s is  g ives reasonably  
r e lia b le  va lues  f o r  the bearin g  loads and? consequently, the 
crankshaft fo r c e s . Although somewhat com plioated, the  
a n a ly sis  may therefore prove u se fu l  f o r  design  purpose#
The work on a genera l fo rce  a n a ly s is  was thus concluded*
In th e  course o f h is  work on a genera l fo rce  a n a ly s is  
for  th e  crankshaft of a m u lti-cy lin d er engine? the au tho r 
came acro ss  in fo rm ation  which revea led  n o tab le  d if fe re n c e s  
between b u ilt-u p  and solicily  forged crankshafts*
B u sse ll had found by experiment t h a t  b u ilt-u p  cranks 
were much more f l e x ib le  in  torsion  than s o lld ^ ^ \  Dramlnaky
(1) R u sse ll ,Ë* -  Experim ental S tud ies  on Orankehaft
S t i f f n e s s  -  Journal of Royal Technical 
G ollege, Volume IV? 1937-40,
gave r e s u lts  which show that englnee with b u ilt-u p  crank­
sh a fts  generally  poesesB higher damping fo r  the to rsio n a l
v i b r a t i o n s ^  ^ »
I t  occurred to  the au tho r th a t  th e  above in fo rm ation  
po in ted  towards a d if fe re n c e  in  p r in c ip le  “between two 
V a r ie t ie s  o f  design and? s ince  the  su b jec t  wae of d i r e c t  
i n t e r e s t  to the study o f to r s io n a l  v ib ra tio n s , i t  was 
decided to  devote time to further investiga tion®
fhuB? a study o f sh r in k -fitted  aasem blies loaded in  
to rs io n ?  was i n i t i a t e d  and, in  due course? i t  developed so 
w ell th a t  i t  w il l  now be p resen ted  as a second major s e c t io n  
o f  t h i s  Thesis.
The au tho r has app lied  p r in c ip a l ly  th e same technique 
i n  h ie  study o f  t h is  l a t t e r  problem as was used fo r  the  
genera l fo rce  analysis# A th e o r e t i c a l  a n a ly s is  based on 
c e r t a in  assumptions was f i r s t  developed# Experimental 
t e s t s  were then  c a r r ie d  out ? such th a t  th e  problem was 
e v en tu a lly  d isp layed  in  the  l i g h t  of In fo rm atio n  obtained  
from both s id e s .
I t  was found th a t  d i f f e r e n t i a l  s l i p  between the mating
su rfaces  o f sh r in k -fitted  assem blies may provide a major
G ontribu tion  to the  damping of a crankshaft and? further ?
t h a t  t h i s  c o n tr ib u t io n  can be g re a t ly  in c reased  by
(1) Draminsky??. -  Baempningen Ted Torsi one sv ingninger
I Erumtapaksler. -  Oopenhagen, 1947
10
Improvement i n  design .
The dlecoverieB  were th e re fo re  of p r a o t io a l  im portance 
bu t we w i l l  r e tu rn  to t h i s  i n  the  course o f  th e  d e ta i le d  
study presen ted  la te r#
11
lOHBlOLiaîUKB
Ae a r e s u l t  of th e  la rg e  volume o f  th e o re t ic a l ,  
analyses p resen ted  In  t h i s  Thesis? the Nomenclature has 
become r a th e r  bulky,
A sub-^divlBlon was th e re fo re  d e s ira b le  and i t  has 
been found most convenient to  p re sen t th e  Nomenclature 
un.der headings corresponding to  th e  chapters to  which i t  
app lies#
Nomenclature which does not apply to  any of the main 
an a ly ses  has been c o lle c te d  under '’M iscellaneous^’.
G enerally , the  au thor has made use of the same 
nom enclature in  h is  A nalysis, as was used by one of the 
previoiie w r i te r s  i n  the  same field©
The nom enclature f o r  oranltshafts i s  thus mainly
taken  from Timoshenko ? and f o r  the  s h r in k - f i t t e d  assem blies 
from love*
12
ÏÏÎE EMS'fïO BEHàTïOUR Of f.m OEAlKSHAfï 
IH A IWDTIOYDIEDER ENGim
(a) «SIlG-IiE OEANK".-
^  «ftMft*iBlftS*!f3î!lK«l!>esS»KKW3ïîWm©l^^
a crank radius# (in« )
4  le n g th  of crank ft "
««waWi&W* ^
lengish of le f t-h a n d  s id e  h a l f - jo u r n a l ,  ”
-  le n g th  of crankpiUft "
^  ss le n g th  of r ig h t-h an d  aide h a lf - jo u rn a l*  "
= to r s io n a l  r i g i d i t y  of jo u rn a ls .  ( I h . in ^ - )
Ca. to r s io n a l  r i g i d i t y  of web "
( tw is t  around q - s ) .
« to r s io n a l  r i g i d i t y  of crankpin© *’
/B. -  f l e x u r a l  r i g i d i t y  of jo u rn a ls .  ”
^ f l e x u r a l  r i g i d i t y  of weh "
( in  plane perp . to paper)»
f le x u r a l  r i g i d i t y  o f wefe "
( in  p lane of paper).
B 4, ^ f l e x u r a l  r i g i d i t y  of orankpin© "
.X , co -o rd in a te .  ( in . )
y z: Ï' M
% =  » "
4AK#l:2&3à
,^"P K= fo rc e  app lied  a t  cen tre  of crankpin . ( lb . )
5  -  fo rc e  app lied  a t  cen tre  of orankpln. ( lb . )
-  bending moment in  the  plane of th e  ( lb .  i n . )  
throw.
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H «a bending moment i n  th e  plan© p e rp en d icu la r  (lb# i n . )  
to  th e  p lane of the  throw#
« tw is t in g  moment. ” )
the  s u f f ix  I r e f e r a  to  the le ft-h a n d  aide of the
c r a n k »
S im ila r ly ,  the s u f f ix  Y  r e f e r s  to  th e  right-hand  
aide of th e  orahk.
angle o f r o ta t io n  in  the plane of the (lad*)
throw o f th e  l e f t  end o f a crank#
«Afe© -  angle o f  r o ta t io n  i n  the plane o f the (lad»)
throw of the r ig h t  end of a crank#
moment ap p lied  a t  .4» «* '
A ^ support reac tion#  ( lb
^ support r e a c t io n  ( Ih . )
JdpL due to load T* # (lad* )
 ^ d e f le c t io n  c o e f f ic ie n t  % 9//p  » (Rad*/lb#)
J&L J L  to  load (m a. )
t.^ -  a e f le e t io n  o o e ff ie ie n t  = — . (R aô./lto.)
s angle % dme to moment >vyii. (Eaa.)
2i = angle due to moment ( « )
19 .\ «= angle due to moment 971 ( ” )
(WL= angle dn© to moment ( ’• )
« slope a t A oansed toy ■unit beading (E a d ./lto .in .)
Pit <s slope at B oansed toy im lt beading ( la d . / lb . in ,  )
moment applied at B. » (9k”)r/m.w
Qfa. = slope a t B eansed toy a n it  beading (E ad ./lto .in .)
moment applied at A. or slope at A. 
ea'ftsed toy im l t  bending moment applled
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^ augl© of r o ta t io n  i n  the plane perpeM iouX ar (Ead#) 
to  th e  plan© o f  th e  throw o f th e  l e f t  end of 
a arank,
angle  o f  r o ta t io n  in  the  plane perpend!ou lar  (Rad. ) 
to  th e  plane of th e  throw of th e  r ig h t  end 
of a orank*
J C  “ s » # e  J L  "ko 3-oaâ " )
" e»gl® J L  ko load . ( « )
X/Li  ^ d e fle o tlo ïl ooefflo iem t « Y / s  . ( la d . / lb . )
XL. ® d e fle c t io n  c o e f f ic ie n t  « yJ/&. ( « « )
(y ‘‘)i -  angle y  dn© to moment M i. (Rad.)
angle due to moment ( " )
angle Vj due to moment Mi». ( ** )
magi© due to moment ( " )If
elope stt A oauaecl fey u n i t  feendlBg (Ead./lfe*i%, )
momemt ap p lied  a t  1. (Y/'k/fej-L #
slope a t  B caused fey im lt  feaMir.g ( " )
"  momemt applied a t B# «= CYkJr/M,/* .
6 ^  elope at B caused fey u n i t  bending ( " )
™  moment app lied  at A? o r  v ic e
Yi jg angle Y  due to d e fle c tio n  o f webs and (Rad.)
tw is t  o f erankpia under the act!on  of a 
moment M .
Y!" » angle Y. due to d e fle c tio n  of webs and ( " )
tw is t  of crankpln under the action  o f a 
moment M .
ta»jgiw(adÆaff
9  « angle o f  tw ist of orrnik,
angle  of tw i s t  o f r ig h t-h aud  journal»
_Bjl -  augle o f  tw ia t  of le f t-h a r .d  jourual#
(  " )
(  " )
(  ” )
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Qa.  ^ amgle o f tw ist  o f oramkpla# (Rad$ )
*s ckamgo o f slope o f webs# ( )
æ d e fle c tio n  o o e ffio ie n t *: « (Ead#/lfe»lm# )
Y , «% angle o f ro ta tio n  about the T -axis o f (Rad* )
the oW 8j)f a oranic due to a tw istin g
moment ^
-  d e f le c t io n  corresponding to  the  angle # ( in* )
y s* d e f le c t io n  due to  th e  f le x u re  of the  web# ( » )
J k .  ^ d e f le c t io n  due to th e  tw ist of the  crankpln , ( ** )
.,.5.., ^ d e f le c t io n  c o e f f ic ie n t  îî^  (Rad*/lh*ln*)
-  tw is t  o f crank produced hy moment (Rad* )
-  angle ^  due to  tw is t in g  moment %  ( )
and fo rc e  S
fewl«3fSrît»
^ angle due to  tw is t in g  moment " )
and fo rc e
JSj w d e f le c t io n  c o e f f ic ie n t  -  A&. © (Rad*/lh* )
« d e f le c t io n  e o e f f io ie n t  == )
The s u f f ix  ap p lied  to a symbol in d ic a te s  the
crank number o r  support number f o r  which th e  symbol i s  
Valid*
Bee in t ro d u c t io n  to  ''M ulti-throw Orankshafts".
ÏÆ angle between two consecutive throws , (Red * )
(look ing  on th e  f r o n t  end of the  crankshaft?  
the  angle i s  measured p o s i t iv e  i n  the
oleck-w l8e d i r e c t io n )#
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^ i n t e g m l  mmi^oTo 
Ct^w 5^ ü o e f f le ie n t  I n  a  ejBtem of sim ultaaeous e q u a tio n s 0
file s u b sc r ip t  denotes the  number o f  the  equation  
and th e  au b so rip t  TL th e  number o f  th e  imknown to  which 
00 e f f i c i e n t  app li
-  con s tan t in  the  above eguatl ona*
-  matri% n o ta t io n  o f  c o e f f ic ie n ts  i n  the  above equation
a m a trix  n o ta t io n  o f  th e  imtoown moments.
C m atrix  n o ta t io n  of th e  constante^
eUfWtittKWïrtOS»
Gr moduXua of r i g i d i t y  (lb«*/im^)
■i?»
QlPBIFUSAÏ. FORCES MB FORGES DOE 
fîBRAÏIOffS AOÏIIG OH A MÜIÆI-tfHHOW OMÎTIBHAW
fM s sec tio n  a lso  covers the nomenclature which 
ap p lies in  Appendix I*
Jg^ a: angular oo^^ordlnate of crank# (Rad# )
 ^ amplitude o f nth. harmonic of (Rad#)
to rsio n a l v ib ra tion  o f a crank«
«nib,  ^ phase angle of nth, harmonic of (Degrees)
to rsio n a l v ib ra tion  o f a crank «
W as constant angular v e lo c ity  of orank, (1 /seo*)
A sa angular v e lo c ity  of crank# ( ’♦ )
•  •  w
B ,  ^ angular acceleration  of crank. (l/eaCc )
-  tan gen tia l acceleration  o f orankpin. ( I n ./s e c .
ss rad ia l accelera tion  of orankpin, ( )
-  crank radius ( in . )
» one p articu lar  harmonic number.
a* dlBplacement o f the reciprocating  (  ^ )
mass from i t s  p o sitio n  at f .D.O,
,,,liL « v e lo c ity  of reciprocating  mass, ( in , / s e c . )
• *  o
AL. acce lera tion  of reciprocating  mass. ( in , / s e c .  )
A length  of connecting-rod (in . )
 ^ c o e f f ic ie n t .
Id -  c o e f f ic ie n t .
,Mâu  ^ c o e f f ic ie n t ,
id   ^ coefficien t®
18.
=s time (se o .)
i  !» angle between angr crank anâ orsnk number 1. (Rad.)
?<Wl' « ro ta tin g  mass. ( lb .s e c . / in .  )
r  ~ d istance between centre o f gravity  ( i n . )
and a x is  o f  ro ta tio n .
g ro ta tin g  ou t-o f-b a laace . =» nmR (Ib .a e c i)
iVn = equivalent mass at crankpln. ( llp .se o t/in . )
M «! recip rocatin g  mass. (" *> " )
T  a th ru st between p iston  and oyllnder w a ll. ( l b . )
V  St angle between ooamecting rod and (Rad. )
cy lin der centre l in e .
Vr » ta n g en tia l force on crankpln. ( lb .)
Ta » ra d ia l force on crankpln. ( *' )
sa above tan gen tia l force due to 1 th . ( " )
harmonic o f crankshaft to rsio n a l 
v ib ra tio n s .
s> above rad ia l force due to  i t h .  ( ” )
harmonic o f crankshaft torsion a l 
v ib ra tio n s .
C.H « mean value o f  the cen tr ifu ga l fo r c e . ( ” )
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a t t i t u d e  œglo® 
meam eeo eu tr io lty ,
%?adlal ùlearamee « 
d iam etra l e learanee
e a c e u t r io i ty  ra tio
diameter of journals  
rad iu e  of jo u rn a l« 
length  of a h e ll#
s h a f t  speed®
s h a f t  speed0
ooustau t lo ad ,
mean eeu tr ifm ga l ferae®
frefueuoy  of Mth® harmonic 
v a r i a t io n  of c e n t r i fu g a l  fo rc e
viscosity®
minimal p re ssu re  = CjE/dlL.
oapaoity  number, 
load  number 
co-ordinate® 
oo*«ordinate®
MepXaoement in  %-*d irectio n  due
fo rc e  i n  %-direction®
(Degrees) 





( ” ) 
( t .P .M .) 
( 1 /a e o . ) 
( lb s . )
( " )
( l / s e e . )
(ll3 .sse* /ia?*  ) 
( I b s . / i a ? ' ’ )
®e s t i f fm e s s  = oR./^ M •
to  ( in ,  ) 
( lb * / in # )
20.
6% =» small ohaïig® of load P in  x--dimeotion ( lb .)
« displacement in  3c~direotion. due ( in . )
to foroe in  s -d lr e c tlo n .
^  == s t i f fn e s s  « . ( lb . / i n . )
-  small change o f load P in  ^-direction# (lb# )
S'fOL dlBplacememt in  E-di r e c t i on due to (in*)
force in  3>d:lreotion^
atlffriesB  ( lb * /in * )
M displacem ent i n  d i re c t io n  due to  (in*)
fo rc e  i n  0 -direction®
£*& = s t i f f n e s s  « fBw4aa. . ( I b . / i a . )
^ v e lo c i ty  r e i ia ta n o e  c o e f f ic ie n t  ( lb * s e c . / in * )
d irec tio n *
^  o o e f f ic ie a t  ( .  )
«.«a. >jBîall C yclic foj'oe in  33—dl r e c t i  on. ( lb .)
■■f** ®2^ ®11 o y o lic  force  In  x -d ir e c tio n . ( ” )
-  phase angle o f T  , .I (Degrees)
« phase angle o f  ^  . ( „ j
JEL ® fo rce .
- r -  (Ih. )
Tx ® "I* ( tî )
" ~ ( *' )
JhL * harmonic number.
^  « In e r tia  fo rce . , , ,( lb . )
ïæOEETÎOAL AIALISÏS GF SIîHIlE-FIÎC'lE]} ASSIÎJIBMIS■  -  ■    "   — -      '
Î.OADS» I I  ÏOHSIOI6*«4in»toT!:p!Sïys«fci^ 5»îÿiyR4to¥çiîSi!t;^ i#ue9fir*SfïAviuie^ ^
J L . ~ s^aâial oo-orainate (S©© l i g . 52 . )
% *= a x ia l co-ordiaate ( " " « )
6  ® angular oo-ox*dinate ( n » « )
^ a x ia l  ehear e t r e s a  ( u n )
àrC^-&T -  rad ia l shear s tr e s s  ( " » n )
=■ s tr e s s  fu n etion .
^  -  eonstant value of «ver homdary A.B.O.D.
î X L  constants 0
=* c o e f f ic ie n t  of f r ic t io n ,
» normal pressure,
 T  ~. applied torque.
—3C. ® oirouinferential displacement at any p o in t,
" angular displacement at any p o in t. «
® to rsio n a l s t i f fn e s s  « T 4  .
JSa, » radius of sh a ft.
-&» ^ nominal shear stra in , i . e .  shear straJ.n in  
the shaft far  away from the com er.
^ 7  shear stra in  in  the assembly 
to the nominal shear stra in .
Æn% ~ a x ia l shear stra in .
Jgac -  circum ferential shear stra in .
= a x ia l s tra in  r a t io .
S&  -  cirom nferential stra in  r a t io .
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%r ^ r e s u l t a n t  etrgd.ii ra tio®  B tre a s  c o n o e n t r a t lo a  f a o to r*  
ÇT -  r a t i o  o f  i n t e r f a c e  g r ip  to  nom inal s h e a r  s t r e s s
» ta n g e n t ia l  motion between two corresponding p o in ts  
on th e  m ating s u r f  aces in  the s h r in lc - f i t te d  assembly
ilie s u f f ix  to  a symbol in d ic a te s  th a t  the  symbol 
a p p lie s  to  the sh a f t  *
fhe s u f f ix  W to  a symbol in d ic a te s  th a t  the  symbol 
a p p l ie s  to  the hub#
A in d ic a te s  area®
..3;.., force .
" -  work®
2 ^  " -  percentage damping®
% .  " -  energy.
X " p o la r  moment of I n e r t i a .
-t * -  len gth ,
!«&«, -  modulus of r ig id i ty *
I* %: r e s u l t a n t  shear s tre ss*
%A. %»
I  -  I  (  (  ctxctx
v v
MISGRDIj.mB0n8
i*he fo llow in g  nomenolature waa used  In  the  design of 
experim ental gear f o r  t e s t a  on sh r in k -fitted  assem bliess-
W.^  S3 energy dissipation®  (Xb*in#/eycle)
T  . % ap p lied  v ib ra tion a l torque# ( l b . i n . )
$= frequency# ( l / s e e .  )
C == s t i f f n e s s  c o e ff ic ie n t*  ( I b . i n . )
S . » v e lo c i ty  r e s is ta n c e  c o e f f ic ie n t#  (lb# in# seo. )
p
X.  ^ angu lar  In e r tia . ( lb .in .s e o .
The fo llow in g  nomenclature a p p lie s  to  an o p t ic a l  
system used f o r  measuring small angular d e f le c tio n s .
4i s  movement of v i r t u a l  po in t o b je c ts  ( i n , }
% -  movement of p o in t  image on screen. ( )
0. sk distance of l i g h t  source from lens# ( *^ )
-tr  ^d istance o f  screen from le n s . ( " )
-  d istance of l i g h t  source from mirror, ( * )
"il -  an gu la r  d e f le c t io n  of m ir ro r .  ( la d , )
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I , S1MÎ.E Oa»K.
Int ro dmelîi oaa.
The c ran k sh a ft i n  a m u l t i -c y l in d e r  engine has been the 
su b jec t  o f study f o r  many au thors  g and s u i ta b le  trea tm en ts  
f o r  most p r a c t i c a l  purposes can be found in  th e  ava ilab le  
l i t e r a t u r e *  The o b je c t  o f  the  fo llow in g  two chap te rs  I s  
th e re fo re  not so much to provide any o r ig in a l  workg as to  
g ive a survey o f work which i s  n ecessary  f o r  o th e r  p a r ts  
of t h i s  Thesis#
The main bulk of work on crankshafts i s  prim arily  
concerned w ith how to f in d  th e  s t i f f n e s s  o f  th is  body in  
to rsio n  as th is  o h a ra cter istic  i s  required f o r  the impor­
t a n t  analyses of the to r s io n a l  v i b r a t i o n s Quite a few 
p a p e rs 9 however  ^ a lso  trea t the a sp ec ts  o f bending r a th e r  
thoroughly , and a few l a t e r  ones co n sid e r  the lo n g itu d ­
i n a l  s t i f fn e s s
(1) Die ReduJrbioa der ISarfeelto/pfuttg} by Sselmaîm, 0.
8, 601, 1925.
(2) Implied B la s t!o ity , toy Timoshenko aad L esse ls , oh.V III.
(3) Strength o f Marine Engine Shafting, toy S.F.Dorey,
north-Bast I n s t itu t io n  of Engineers and 
Shiptouiiaers, Trans. vol.toV, 1938-39, p .203.
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The foXXovdîig two chap ters  have been arranged w ith  th e  
aim of g iv in g  a c lea r  p rep a ra to ry  trea tm en t o f  th e  problem 
such th a t  th e  f i n a l  a o lu tio n s  can be found by means o f th e  
"relaxation method". In  approach the  treatment I s  very 
s im ila r  to  th a t  given by Timoshenko and D esse lle  (ref* 2 on 
th e  p rev ious  page) @ but s l i g h t  m odifications have been 
n ecessa ry  to  malte the  expressions  derived d i r e c t l y  a p p l ic ­
ab le  to  th e  p r a c t i c a l  problem of i n t e r e s t .
For convenience th e  same n o ta t io n  as flmoshenko and 
D esse lla  used* has a lso  been used here, only a few new 
symbols have been in tro d u ced  as w il l  be In d ic a te d  later#
The num erical c a lc u la t io n s  o f  the  ch ap te r  r e l a t e  to  
th e  crankshaft of a s ix  cy lin d e r  h igh speed d ie s e l  engine 
(R olls  Hoyee O.SO? and the  f ig u r e s  may th e re fo re
be taken as r e p re s e n ta t iv e  f o r  a working design*
l^^nitial Redu c tio n *
f o r  the  subsequent treatment o f  th e  c ran ksh aft i n  t h i s  
ch ap te r  i t  i s  e s se n t ia l th a t  the  a c tu a l  physical cranks can 
be considered  as b u i l t  up o f beams and to r s io n  bars of 
n e g l ig ib le  o r o s sect 1 onal area# In o th e r  words, the  
a c tu a l  crank must be reduced to a more convenient re p re se n ta ­
t io n ,  which w i l l  be termed the "reduced crank", and the  
process o f carrying th is  out w ill  be r e fe r re d  to as the
28
" in i t i a l ,  reduction"*
Owing to  the  complex shape of an a c tu a l  crank, i t  i e  
r e a d i ly  understood th a t  the  i n i t i a l  re d u c tio n  to a g rea t 
e x te n t  must be based on em pirica l in fo rm atio n  and judgement* 
C erta in  ru le s  o f cause should be adhered t o ,  as f o r  in s tan ce s
The reduced be made to  co inc ide  w ith  the
c e n t r e - l in e s  of the  a c tu a l  crank
As a consequence of the  above statement a l l  len g th s  
should remain u n a l te re d  through the  i n i t i a l  reduction#
The s i^ e  e f f e c t s  o f the  pin-web o r  journal-web junc­
t io n s , the  e f f e c t  o f  f i l l e t  r a d i i  o r  o th e r  f e a tu re s  which 
would a f f e c t  th e  s t i f f n e s s  of the  a c tu a l  crank, must there­
fore be taken in to  account by proper ad justm ents  o f the 
r i g i d i t i e s  o f the  reduced crank.
The main uncertainty  In the  I n i t i a l  red u c tio n  d e f in ite ly  
a r i s e s  from the behaviour of the junctions between the  jo u r­
n a ls  and the  webs and the  p in s  and th e  webs* However, a 
profound o o n a id e ra tio n  of th is  to p ic  has been given i n  th e  
chapters "T h eo re tica l Analyses of S h r ln lc - f i t te d  Assemblies 
loaded i n  Torsion®", which may be r e fe r re d  to  f o r  further  
c o n su lta tio n s«
A f u r th e r  consideration  which a lso  may be of some 
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D i m e n s i o n s  of e d u c e d  C r a n i c .
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a orank ia  th e  most im portant of i t s  o h a r a c te r i s t io s .  One 
should th e re fo re  aim a t  accu ra te  r e p r é s e n tâ t ! on5 p re fe ra b ly  
as f a r  as tw is t  of orank-pin  and jo u rn a ls  and bending of 
th e  webs a re  concerned^ a t  the  expense of accuracy of the 
o th e r  c h a r a c t e r i s t i c s ÿ r a th e r  than v ice  versa^
Pig* 1 shows a sketch  of the  a c tu a l  oranlcg f o r  which 
th e  num erical c a lc u la t io n e  are  ca rr ied  out^ The l e t t e r i n g  
m-n-^p-q-s-t in d ic a te s  th e  reduced crank*
I t  i s  thought unnecessary to  p re se n t the  a c tu a l  
c a lc u la t io n s 5 and th e re fo re  the  r e s u l t s  only are given in  
P i g . 2, Since th e  cranks in  the a c tu a l  c rankshaft vary 
s l i g h t ly  along th e  engine@ t h i s  ta b le  p re se n ts  complete 
f ig u re s  f o r  a l l  the d ifferen t cranks, and in  th a t  way gives 
a l l  the  required in fo rm ation  fo r  the  nex t s tep  in  the  
c a lc u la t io n s .  (See Eomenelature f o r  meaning of symbols.)
Single Crank^
This se c t io n  w i l l  give a study of the  behaviour of a 
s in g le  crank under the  va rio us  types of loads  which may be 
imposed on i t .  Bearing in  mind th a t  th e  s in g le  cranks 
which a re  t r e a te d  w i l l  u l t im a te ly  be link ed  to g e th e r  to  form 
a m ulti throw crankshafts, i t  has been found most convenient 
to  re p re se n t  th e ir  e l a s t i c  behaviour by means of d e f le c t io n  
c o e f f ic ie n t s  and the  o b je c t  of th is  se c t io n  i s  r e a l ly  to
30.
d eriv e  th e se .
l e t  VLB com e id e r  a  oramk loaded as sltom i i n  P lg#3 . The 
axes o f  ao-ordim ates are  ehosenj such th a t  the XX-pXane 
oo lno ldes w ith  t h a t  o f  th e  throw, and th e  E -ax is  i s  so 
d i re c te d  th a t  r o ta t io n  o f a rlght-^hmnd screw from T to  2 
would produce motion In  the  p o s i t iv e  d i r e c t io n  of the
The e x te rn a l  fo rc e s  a c t in g  on th e  throw arei*-
1 # The t h r u s t  of th e  connecting rod, c e n t r i fu g a l  
fo rc e s  and v ib r a t io n a l  f o r c e s .
I t  w il l  ‘be assumed that these fo rc e s  can a l l  be r e p re s ­
ented  by two componentsÿ T and B ? p a r a l l e l  to  the  Y- 
and 2-  a x is  r e s p e c t iv e ly .
2* The couple a t  the left-hand  s ide  o f  th e  crank.
This couple i e  reso lved  in to  th re e  components, v i a . -  
«% th e  bending moment i n  the  p lane o f  th e  throw,
t^L  ^ th e  bending moment i n  the  plane p e rp en d icu la r  
to  the  p lane of the  throw and
*31  ^ ^ th e  tw is t in g  moment„
I t  w i l l  a lso  be necessary  a t  a l a t e r  s tage  to consider  
a couple a t  the r ig h t-h a n d  s ide  of th e  crank, the  components 
of which w i l l  be given by:- and H , .
T  -7











L o a d  S y s t e m  o n  S i n g-l e  C r a n k
31^
The p o s i t iv e  d i r e c t io n  of the above moments 1 b shown in  
P ig =3 by arrow s.
The e f f e c t s  duo to  the above d i f f e r e n t  groups of 
fo rc e s  w i l l  now he analysed se p a ra te ly  and the  oomhined 
e f f e c t  w i l l  he ob ta ined  hy th e  method o f  s u p e rp o s i t io n .
In  tM*s m am er, form ulae necessary  f o r  the  study of m u lt i -  
throw c ran k sh a f ts  w i l l  he ob tained .
Bonding i n  the  Plane o f  the  Throw -  F igure  4(a)
Let US consider the  bending of the  throw produced hy 
the  fo rc e  P and a couple OfYii a c t in g  in  the  XX-plane 
a t  the  l e f t  support. In  o rder to  make f u r th e r  development
c le a r ,  the  fo l lo m n g  ru le  of s igns  fo r  couples and r o ta t io n
of ends i s  adopted. The r e la t io n  between the  p o s i t iv e
sense of th e  moment and the p o s i t iv e  d i r e c t io n  of the
2- ax is  i s  th e  same as th a t  between r o ta t i o n  and t r a n s l a t io n  
of a r ig h t  hand eorew. The same ru le  i s  used t n  determin­
in g  the  s ign  of the angle of r o ta t io n  of any c ro s s -s e c t io n  
of the  jo u rn a l .  In  accordance w ith  t h i s ,  the  angle %
(Figo4 ( a ) ) g re p re se n t in g  the  r o ta t io n  of the  l e f t  end i s  
p o s i t iv e ,  and th e  angle i s  n e g a t iv e .
The re a c t io n s  A and B a t  the  supports  a re  as follovms
32
^  XVIjl
The diagrams of bonding moment f o r  jo u rn a ls  and crank- 
p in  ob tained  as f o r  a simply supported beam are  given 
se p a ra te ly  fo r  d i f f e r e n t  groups of fo rc e s  i n  F ig .4 (b )  and 
(c)o Since the  e f f e c t  of d i r e c t  te n s io n  i n  th e  webs i s  
small compared to  th a t  of tw is t  azid bending, i t  m i l  be 
ignored . In  d isc u ss in g  deformation the  Grapho-A nalytical 
method w i l l  be used^^^.
The angles and of r o ta t io n  of the  supports  
of the  throw w i l l  be c a lc u la te d  i n  terms of t h e i r  component 
parts ( J L  » - iL  ) aue to the force _ 9  > ( i^Dk? )
due to  the moment OtyIl and ( ) due to  the
moment HfVl,
In  th e  case o f bending by the fo rc e  P , the  d i s t r i ­
buted im aginary load  i s  rep resen ted  i n  P ig , 4 (b) by the  
enclosed area. A ll th e  ma^^itudee re  qui. red f o r  f u r th e r  
c a lc u la t io n s  a re  given on the diagram.
I t  i s  convenient a t  t h i s  s tage to  in tro d u ce  th e  two 
d e f le o t io n  c o e f f ic ie n ts  "t, and $ which a re  defined
by the  fo llo w ing  equ a tio ns:
» _______________________________ ____________________________________________  » • 3
(1) Applied E l a s t i c i t y  by Timoshenko and B esse ls ,  f i r s t  
e d i t io n ,  1925. P a r .23? page
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1).t*..
Talcing moments o f the  imaginary lo ad in g  due to the  
fo rc e  P on th e  crank about th e  support a t  B , the  slope 
a t  A i s  r e a d i ly  fo'tmd. Making use o f equation  (3)
3ûay then  be expressed in  terms o f  th e  crank dimenaione 
as fo llo w s:
1
I F -(b4~ • •^'1
4- cj^Vle-vib^
etifaeeêtikàî»S im ila r ly  an expression  may be ob ta ined  fo r





I t  should be n o tic e d  th a t  the  ex p ress ions  fo r
are  symmetrioal, i . e .  in te rc h a n g in g  . c   ^ and
in  one of them gives the  o th e r .
34
(X,
Fig .4 ( c )  allows the second type o f  loading applied to 
the s in g le  cranks when they are hent in  the plane of the 
crank. ïo  represent the hehaviour of the crank in  th is  
oases i t  w i l l  he necessary to introduce the fo llow in g  
three d e fle o tio n  c o e f f ic ie n ts  oj} , «XT and olx , which 
are defined to he:
I
Blope a t  A oaused by ra . i t  beBding moment 
applieèi a t  A «
slope a t  B caused by im it  "foending moment 
app lied  a t  B .
slope a t  B caused by u n i t  bending moment 
app lied  a t  1 , o r  the elope a t  A caused 
by u n i t  bending moment ap p lied  a t  \
Making use of th e  in fo rm ation  g:lven i n  P ig ,4 (c ) ,  th e  
th re e  above d e f le c t io n  o o e f f ic ie n ts  are  r e a d i ly  obtained 
i n  terms of the  crank dimensions as shown by the  fo llow ing  
equations  g ^
3 B
( 1 ) I t  folXow^s from *Mlayleigh*s R eciprocal Theorem" tha,t 
the  slope a t  A caused by u n i t  bending moraent 
app lied  a t  B i s  equal to  th e  slope a t  B caused 
by u n i t  bending moment app lied  a t  A .
Sees The E s c a la to r  Method in  E ngineering  V ib ra tio n  
Problemsp by Joseph Morris# Chapter 7, P*?3-
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E x p rè ss ione f o r  a l l  the requ ired  d e f le c t io n  c o e f f i ­
c ie n ts  f o r  a r e p re s e n ta t io n  o f  the  behaviour of a s in g le  
crank #hen su b jec ted  to the  most common lo ad s  of bending 
in  th e  p lane of th e  crank , have now been derived . Through 
the  formulae given any of th ese  d e f le o t io n  c o e f f ic ie n ts  
which may be re q u ired , can e a s i ly  be c a lc u la te d ,  and hence 
th e  e f f e c t  o f th e  corresponding load may be ob ta ined .
The t o t a l  v a lu es  fo r  the end s lopes  a re  th e r e a f t e r
i
simply ob ta ined  through an a lg e b ra ic  summation of the  
s lopes  caused by the  v a r io u s  load components.
f o r  the  angles and , which are  the t o t a l
ang les  of r o ta t io n  of the c ro s s -s e c t io n s  of th e  crank at
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the supports A and B resp ec tiv e ly , the fo llow in g  
equations therefore holds
 ÇP, Tn.A.'X.'' — +  P t  ■_____________   . . .  10
=" -jraMx-     , . . 11
Bending in  th e  Plane 3?erp0n d io u la r  to  the  of the
Throw 8 (Fi g « 5 (a ) )*
HbWftnteiyrft3Ur*W  % W f
The bending of the  throw by the  fo rc e  S , paz 'a lle l  to  
the  E -ax is , and, f u r th e r ,  a couple M a c t in g  in  the XE- 
p lane , i s  now to  he considereda
The re a c t io n s  a t  th e  supports A and B are  given hy 
equations ( 1 2 ) an.d (1 3 ) r e s p e c t iv e ly t
12
 I —___________  . * * 13
In  a d d it io n  t^u the  a,hove re a c t io n s ,  a moment ,
about the  X -axis i s  app lied  a t  each support to  prevent 
r o ta t io n  under the  a c t io n  of the  fo rc e  S *
For the angles of r o ta t io n  produced hy the  fo rce  S 
the  im aginary load ing  i s  shown by Fig* 5(b) * Two d e f leo ­
t io n  c o e f f ic ie n ts  and as defined  by the
37.
follG w iag egu atioas, w il l  be introâuoecl!
 ___________________________    . . .  14
aiid
 _____________________Y!"" —   . . .  15
y /  a^ 4  3?epreeati:b the  compoaemts of th e  angle
of r o ta t io n  o f  the  orosB‘-*eection of the eranlt a t  th e  
enpport A ? eameeh hy S an t M reapee tiT ely^
j!ial re p re se n t  the  components o f th e  angle
of ro ta tion  o f the  c ro s s -s e c t io n  of the  ora.nl: a t  the  
support Bg @ oausGd hy S and H r e s p e c t iv e ly ,
and give the  to ta l ang les  o f r o ta t io n  of
th e  orO0B«*seotione a t  â  and B r e sp ec tiv e ly .
Expressions fo r  the  d eflec tio n  c o e f f ic ie n ts  requ ired  
to  represent the  crank when loaded in  bending in  the  plane 
p e rp en d icu la r  to  th e  p lane of the  throw, are  most e a s i ly
obtained  by a compari eon w ith the  oase o f  bending in  the
plane of the  throw « Oomparing Big. 4(b) and (c) w ith
f i g , 5 (b) and (c) I t  I s  r e a d i ly  seen that the  diagrams of
th e  im aginary load ing  are exactly  s im i la r ,  i f  i n
Fig*4 i s  rep laced  by or v ice  versa#
f o r  the  d e f le c t io n  c o e f f ic ie n ts  and JU^ we
may th e re fo re  w r ite  d ir e c t ly  from equations ( 5 ) and (6 )
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fhe case of the bending moraent M i s  more complicated 
then  the  prev ious two* The angles of r o ta t io n  of the ends 
a re  now not only a f fe c te d  by the angu lar deform ation of 
d i f f e r e n t  p a r ts  of th e  throw in  the plane of 11 , but a lso  
by the  d e f le c t io n  of the  webs and the  tw ls t  of the  crankpin.
As f o r  the case of bending in  the  plane of the  crank 
by a m,o.ment m , th re e  d e f le c t io n  c o e f f ic ie n t s  denoted by 
«ê-iL? « ^ 2  and defined as follows^ w i l l  be req u ired
39.
X. FjXope a t  A caused %  u M t beading moment
app lied  a t  A *
slope a t  B caused by u n i t  bending moment
I a t
c«^ âw “ slope a t  B eaused by u n i t  bending moment 
app lied  a t  A p o r  v ic e  versa*
fhe ang les  o f r o ta t io n  of the  ends due to  angular 
deform ations o f  th e  v a r io u s  p a r ts  o f th e  erank a re  obtained 
f o r  u n i t  moment by re p la e in g  by Ca. i n  the equations
(7 ), (8 ) and (9 ).
fhe e f f e c t  o f th e  d e f le c t io n  of the  webs, and the  tw is t  
of the  oranlipin i s  most r e a d i ly  ob tained  from which
shows these  l a t t e r  crank-daform ations la r g e ly  exaggerated , 
FroBi the  f ig u r e  i t  i s  seen th a t  g
18
and henoe
* * * 19
Making use of the  above equa tions , the  th re e  requ ired  
d e f le c t io n  c o e f f ic ie n ts  can th e re fo re  be w r i t te n  i n  terms
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fhe t o t a l  Value of th e  end s lopes  f o r  a oranlc 
suhfooted to  bending i n  the  plane p e rp en d icu la r  to  the  
plane of th e  throw can now be obtained through an a lge ­
b ra ic  soramation of a l l  the  component effec tb«  Eemember- 
Ing  the d e f in i t io n s  of th e  d e f le c t io n  o o eff ic ie n ta ?  and 
the  s i  gn-convent!on $ the  fo llow ing  two equations  may be 
w r i t te n ^ -
XY  — ft. M l -  -  U . S . 23
. 24
Swlst o f Simply Supportecl Throw.
E ig «7 l a  a  diagrarmmtie r e p re s e n ta t io n  of a throw 
tw is te d  by th e  moment T app lied  a t  th e  middle cross- 
s e c t io n  of th e  jo u rn a ls .  As before  ? the  do tted  l i n e s
41.
re p re s e n t  th e  deformed oranlCBhafto fiie t o t a l  twl a t  oon- 
BistB of th e  sum of th e  deform ations o f  th e  p o r tio n s  e« 
and g. of th e  j o u r n a l s o f  the crankpia^ and o f th e  two 
wehs« lowÿ i f   ^ and a re  ang les  of tw is t  of th e
jo u rn a ls 9 and of th e  oraolcpin? resp ec tlT a ly ?
 ______6 . = "  « © a= °*  " C  a n d  C &
f u r t h e r 9 the  bending of each web produces the  angular 
displacem ent equal to  the  ang les  “between the  tan g en ts
to  the  curve of f le x u re  a t  i t s  ends. n?he bending moment 
i s  equal to  the  tw is t in g  moment . Since the  moment
a t  each c ro s s - s e c t io n  i s  constant^ the  curve of f le x u re  of 
th e  web i s  a c i r c l e .  Considering i t  as a beam of le n g th
T r
fhe t o t a l  r e l a t i v e  angu la r  d isplacem ent @ g 
measured between the  middle se c tio n s  o f  th e  journa ls^  w i l l  
be the  sum of th e  above components.
A d e f le c t io n  c o e f f ic ie n t  <w w i l l  now he in troduced  
such t h a t 2-
unrtisse»
Q'-^ I fur ____     . . .  25
Using the  above r e l a t io n s ,  h&T can he expressed in  
terms of th e  crank dimensions as fo llow s g
4 -  +  - #(W — c." g  Bcl . . .  26
'— s
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She coxiple T  protooes aot oaly the tvri.st © ,
“  “  o twwwwMMw *
'but a lso  a r o ta t io n  V  of the te rm in a l orose-seotionB
about the  V ' aM the Y™ axis» % le  ro ta t io n ^  due
c v é * w ^ i»  '
to  th e  bending of th e  wehe and th e  t m e t  o f  the  crankpin 
(P ig *7 (h))ÿ i s  given by th e  fo llow ing  egu .ation:-
O i s  a defXeotion as in d ic a te d  i n  M g * 7 (h ) . 
fhe  f le x u re  of the  we'b produces a d eflec t!on^
Pr*-
y
the d e f le c t io n  due to the tw ist o f the ox'ankpia i s
 __
The d e f le c t io n  c o e f f ic ie n t  ^  as defined  hv the  
fo llo w in g  equation  w i l l  he in troduced  g *-
 ________________________ Y - *  I s  . « . 27
Prom th e  above equations  i t  i s  r e a d i ly  shown th a t  
t h i s  d e f le c t io n  c o e f f ic ie n t  can be expressed i n  t e m s  of 
th e  crank diBieneions as fo llow sg-
I I , H-'l 
.....  g> - T i ~ ^  ^  ~ d J_________
iEowg th e  tw is t  o f the throw produced by the moment J  
o f P igo5(a) can e a s i ly  be found* Denoting t h i s  tw is t  by 
jgo^î an.d apply ing  the "Reciprocal Theorem" to the cases 
of B igs*5(a) and 7 (a)? I t  i s  found t h a t s -
I 'o
43.
andÿ employing (27) and (28)
©o M s 9  0  a
"t*?tsri Cïi'î'î 4  C» 4  ï i  î r lu  A  #^*î v»<ejr>*h4 e\'i^  a  4*sst4 e y 4 r4  v"i fV oThis tw is t  i s  i n  th e  d i re c t io n  oi th e  tw is t in g  couple 
of Fig%7(a)« When th e re  a re  two bending moments ?
and one a t  each support» the correeponding
tiAdst i s  ob tained  in  the  same manner and w i l l  be equal tog™
 ____________________©o ^  I M l 4' M p)s______________  0 * 29a
If»  i n  the  ease of M g*5 (a)» M be made equal to sero  
and i n  Rig*7 (a) the  moment ( f  f  B r /2 ) be a u b e t i tu te d  f o r  
T » th e  combination of th e se  two eases g ives  the  case 
shown i n  Rig*8 ,
In  the  f u r th e r  development o f th e  su b jec t  the  v a lues  
of th e  ang les  Y"" and Plg*8 » a re  necessary* ïïalng
equations  (23)? (24) and (27) we getg-
hu /™r« ^\r 'Y  (T -t-  ~  Ü%S
1 =* ( r  "V- • 'i~)s •+• x k S
The above tivo eq u a tions  may be w r i t te n  as fo llow s
Y"" T a  — y^ .5 ________________   . . . 30
4-   o  0  o  31
The two new d e f le c t io n  c o e f f ic ie n ts  and »
a re  expressed  i n  terms of th e  crank dimensions by means of
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X ,11, 53
The d e f le c t io n  o o e f f ie ie n ts  and p a re
ob ta ined  from equationa ( 1 6 ) and (17) « i e  obtained
from e qua ti on (28)„
This complétés th e  trea tm en t of a s in g le  crank as 
formulae have been derived  f o r  a l l  the  d e f le c t io n  coeffi-* 
c i en te  which are  req u ired  f o r  the  subsequent trea tm en t of 
a m u lti- th row  orankshafto
? ig o 9 g ives th e  num erical v a lu es  o f  th e se  d e f le c t io n  
c o e f f ic ie n t s  as ob ta ined  f o r  the  v a r io u s  cranks i n  the 
oremkshaft of th e  &±x c y lin d e r  d ie s e l  engine (EH« 0 . 60^)
F ig . 9.
C R A N K  NR, 1 2 3 4 5 6
t ,  X 1 0 ^ 1 4 6/ • 1 3 3 • 1 6 9 •151 • 1 3 3 • 1 6 6
• 1 6 6 • 1 3 3 •151 ■169 • 1 3 3 • 1 4 6
° < f  X b . m . x  10^ • 0 9 3 7 • 1 1 2 • 1 2 6 • 0 9 2 8 • 112 • 1 2 4 2
0<j • 1 - 2 4 2 • 1 1 2 • 0 9 2 8 • 1 2 6 • 1 1 2 ■ 0 9 3 7
o(<2 • 0 6 7 4 • 0 6 3 8
1
• 0 6 7 5  • 0 6 7 5 • 0 6 3 8  - 0 6 7 4
AJ-, / | b .  X 10 ^ • 113 • 1 0 3 •131 • 1 1 7
' .....  I
• 1 0 3  ! ■ 1 2 8
• 1 2 8 ■ 10 3 ■ in •131
---- - -6 ----------- - ----■
1
• 1 0 3  i • 1 1 3
| 3 f  H b . l n  X 10*" • 0 7 7 5 • 0 9 2 9 ■102 ■ 0 7 7 2 ■ 0 9 2 9 ■ 101
Pr " •101 ■ 0 9 2 9 ■ 0 7 7 2 ■102 ■ 0 ^ 2 9 ■ 0 7 7 5
1^7 ” ■ 0 4 6 1  
• 0 5 2 8
■ 0 4 2 2
■ 0 5 0 4
■ 0 4 6 3
■ 0 5 2 9
■ 0 4 6 3 ■ 0 4 2 2 ■ 0 4 6 1
XkT "
. 5
■ 0 5 2 9 ■ 0 5 0 4 - 0 5 2 8 _  
■ 0 1 4 0
4^107
• 1 3 4
• 0 1 4 0 • 0 1 5 5 • 0 1 3 9 ■ 0 1 3 9 ■ 0 1 5 5  
- f 0 7 9 2  
■ 126
1 ^ b .  X 1 0^ - « - • 0 92 4 - 0 7 9 2
■1 2 6
4-1 10 4 ^ - 0 9 6
9^ • 1 4 9 • 1 3 8 ■152
d e f l e c t i o n C O E F F I C I E N T S  F OR
C r a n k s h a f t  o f  R . R .  C . ( q Q, N r .51 .
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I I ,  M1JLTI‘
General Gaee,
««eftrSTrtpttut ntrt,%s3oa
Let UB now oonEiider a crankshaft w ith  siany throws? a 
p o r t io n  of which i s  shown In  F ig, 1 0 ,
The h earin g  o o n s tra ln ts  are  as Burned to he eq u iv a len t 
to  simple supports  a t  th e  middle o rosB -eactions o f th e  
iournalBp i ,e *  th e  orant‘.shaft i s  f r e e  to  move d i r e c t ! o n a l ly  
whereas no l a t e r a l  movement i s  peraiaittedc
The supports  w i l l  he )iumhered l? 2? 3? , * * * :i? e tc ,?  
and the  throws s im ila r ly ?  such tha.t th e  throw ly in g  between 
the  supports  i - 1  and i  w il l  he the  ( i - l ) t h  throw»
All e x te rn a l  fo rc e s  a c t in g  on a throw? and a l l  d e f le c t io n  
c o e f f ic ie n ts  applying to  a throw w i l l  ca rry  the  same auh- 
s c r ip t  as th a t  throw, The bending moments vAioh ac t  
between the  throws where they are  jo ined to g e th e r  a t  the  
supports  a re  loads? in t e r n a l  to  the  orahkshaft considered 
as  a whole, These moments w i l l  be given s u f f i oes whioh 
a re  the same as the  number of th e  support a t  whioh they 
a c t .  I f  th e  above moments ac t on the  throw to  th e  l e f t  of 
th e  support? they w i l l  a lso  be given a s u b sc r ip t  ^ arul? 
s im ila r ly ?  i f  they  a c t  on the  throw to  the  r ig h t  o f the
46,
(1 )support the  s u b sc r ip t  w i l l  be useci'^
Whom the tw is t in g  and bending momenta a t  every support 
a re  known? i t  i s  easy to  c a lc u la te  the  deform ations of any 
throw from equations given i n  the  fo rego ing  chap te r , The 
tv / is t in g  moment a t  any support can be c a lc u la te d  w ithout 
d i f f i c u l t y  from th e  equations of s t a t i c s ,  For c a lc u la t in g  
the  bending moments ? the  cond ition  of c o n tin u i ty  o f th e  
e l a s t i c  curve a t  th e  supports must be taken  in to  considera­
t io n ,  In  FigolO? two consecutive throws cu t out o f a 
m ulti- th row  c ran k sh aft  and having supports  1 - 1 ? 1 ? and
I f l ?  are  re p re se n ted , The bending moment a t  the  support 
1 i s  reso lved  tw ice in to  two components? namely the  
components and 2 1 ^^  when the throw on th e  l e f t  of th e
su p p o rt 1 1 b co n sid ered ?  and th e  com ponents and 
f o r  th e  throw  on th e  r ig h t  o f  th e  su p p ort 1 ,
As before? denotes bending moments i n  the plane of 
the  throw considered? and bending moments i n  the  plane 
p e rp en d icu la r  to  th e  plane of the  throw, The p o s i t iv e  
d i r e c t io n s  of th ese  moments are  shown in  f i g , 1 0 ( a ) , The
( l )  !BMs n o t a t io n  d e T ia te s  somewhat from  th e  one n eed  i n  
th e  p r e v io u s  c h a p ter  a s ,  f o r  in s t a n c e ,  th e  b en d in g  
moment w h ich  i a  a p p lie d  a t th e  r ig h t  hand end to  th e  
( 1 - 1 ) th  throw  i n  th e  p la n e  o f  th e  throw  would  
p r e v io u s ly  b e d en oted  by a s  a g a in s t  dm 4  i a  th e
neviT n o t a t io n .  ïh e  new n o t a t io n  h a s  b een  in tr o d u c e d ,  
s i n c e ,  i n  th e  f o l lo w in g  work, th e  m ain a t t e n t io n  i s  
d ir e c t e d  tow ards th e  th r o w -ju n c t io n s  r a th e r  th an  th e  

















representation  of the same moments hy vectors i s  given in
f ig .1 0 (h ) .  As there are no other moments actin g , the
resu ltan t o f  m^i and must he eg;aal and opposite to
the resu lta n t o f ftyif and « th erefore , denoting hy
Xc the angle between the oonsecutive throws a,t i  , and
reso lv in g  the couples in  the d irection s Yc-.\ and Zu-n, the
(1 )fo llow in g  two equations are obtained' ' s -
________________________________________________________________ 0 _____________ _ » • • 3 4
 ________ — 0____________________________________   . . .  35
Q}wo more eqw bione are obtained from the conditions of 
co n tin u ity 0 Ooneider the throw on the l e f t  o f the support
i   ^The p o s it iv e  d irection s of a l l  the fo rces  and couples
acting  on th is  throw are shown in  Pig, 11 « Denote by 
and the angles o f ro ta tion  o f the oroe s - section  at the
support i  about the and a x is , resp ec tiv e ly
She same ru le holds fo r  the signs of the angles as before.
fhe above angles can be expressed in  terms o f the loads
on the ( i~ l ) t h  throw and i t s  d e fle c tio n  c o e f f ic ie n ts .
Using equation (11) we obtains-
 Sl .” » nnqio(,u-.) ____ * • » 36
(1) looking on the front end of the crankshaft the angle
X:. i s  measured p o s it iv e  in  the clock-w ise d irec tio n .
(2) I'he same ru le as applied to the s u f f ic e s  o f the moments
a lso  ap p lies to the sirCficea of the angular d e fle c tio n s
where  ^ and ure given by th e  equ a tio n s  (6 )^
(6 ) and (9 ) reep ec tiv e ly ^
In  th e  same manner^ by us ing  equations (24) and (31 )s 
1^04 by p u t t in g  B equal to aero i n  equation  (24) and 
adding th e  two equations  g we o b ta in s -
»_____V ”- M; . . .  37
where a«-â are given by the  equations
(21 )ÿ ( 2 2 ) j (28) and (33) r e s p e o t iv e ly .
Considering now th e  throw on the r ig h t  o f the  support 
1 and denoting  by and th e  angles of r o ta t io n  of
"  CK&SATgw» nrtC!;W3?AO
the  c ro s s -s e c t!o n  a t  1 about the  %; -  and Y; -  ax is  of 
tM s  thrown? the  fo llow ing  equations are  obtained, in  the
same .manner as above:-
 ___________________________________________________ . . .  38
 _____ Vr""' U&i -     . . .  39
Here? \l which i s  equal to  V* 5 r e p re se n ts  the
tw is t in g  moment a t  th e  support 1 g and the  c o e f f ic ie n ts  
.±._, and J2,.„ are  given by the  eciuations (5 ),
(7 ), ( 2 0 ) and (3 2 ) r e s p e c t iv e ly .
The small ang les of r o ta t io n  c a lc u la te d  from (36),
(3 7 ); (3 8 ) and (3 9 ) can he rep resen ted  hy v e c to rs  whose 
d i r e c t io n s  co incide w ith  the  d i re c t io n s  of the  corresponding
171 I
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a x is  o f r o ta t io n ^ '^ \  bmü whose magnitudes a re  p ro p o rtio n a l 
to  th e  corresponding angles of ro ta tio n ^  (? ig ^1 2 )* Mow, 
as and ^  on one s ide  and and on the  o th e r  
re p re se n t  the  r o ta t io n s  of the  same c ro s s - s e c t io n  of the  
jo u rn a l a t  the  su%)port i   ^ th e  r e s u l t a n t  r o ta t io n  of 
and must he equal to  th a t  of the  r o ta t io n s  and 
as shown in  12.
Prom P ig ,12 the fo llow ing  two equations are  obtained g 
________________ ?Aga,){k:t- V^jgk)p,________   . . .  40
  . . .  41
S u b s t i tu t in g  from, equations (3^)? (3B) and (3 9 ) i n  
(4 0 ) an equation  which r e l a t e s  the  v a r io u s  bending momenta 
a t  the  support i  i e  obtained^ A fter acme rearrangem ent 
t h i s  equation  may be w r i t t e n : -
S im ilarly?  by making use of equations  (37) $ (38)
and (59) in  (41) and rea rran g in g  we ob ta in # -
( 1 ) fh e re  e x is t s ,  between the  p o s i t iv e  d i r e c t io n  of the  ax is  
of r o ta t io n  and the d i re c t io n  of r o ta t io n  the  same 
r e l a t i o n  as between r o ta t io n  and trcu iB lation  in  a 
r ig h t-h an d  scx‘’ewo
50.
[Oheee t?70 above equations to g e th e r  w ith  equations (34) 
and (35) form a system of fo u r  equations f o r  the  support i« 
Analogous equa tions  can be w r i t te n  f o r  a l l  the  supports  of 
th e  m u lti-th row  c r a n k s h a f t I n  t h i s  way a number of 
equations equal to th e  number of unknown q u a n t i t i e s  nmf?
k l i  and .tlsTs a 2>0 o 'bta ined, as  i  = 1, 2 ,  3» * • - • a»
and n i a  the  number of supports .
When r and are  a l l  d i f f e r e n t  from zero?
equatlons (34) and (35) w i l l  enable us to  express and 
i n  terms of and The fo llo w in g  fou r eciuations
may th e re fo re  be w r i t te n  downs-
t _ ± i ik i d u = 8 S 4 k -
; ^  6wvY:____  . . .  44
H v ->• Ml""
 - ... . . .  45
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Making use of equations (44)? (45)? (46) and (47) 
equation  (42) may be w r i t te n  as fo llow s g-
51.
■S«Av Vt.:.ii\l l(wft I k-A \ fewix’^ l few)(i/l li.
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S iiu ila r ly  equation  (43) may 'be w r i t t e n  as§
Coa) i^ -  p i L
49
The above two equations p lay  th e  eame ro le  in  
o a lc o la t in g  m n ltl- th row  o rankshafts  ae th e  w ell knomi 
eq ua tio n s  o f th re e  momenta of Olapeyron f o r  th e  calcula** 
t io n  o f  continuous h earns «
m&n e i t h e r  to  zero , th e
corresponding ex p ress io n  f o r  the  bending moment I n  the 
plane of the  throw breeUcs domio In  t h a t  case I t  w i l l  be
52.
most oomvemlemt to  work from equations (3 4 )s (35)$ (42) 
an.d (43) s wMoh w i l l  provide s u f f i c i e n t  r e l a t io n s  f o r  a 
s o lu t io n  of th e  problem.
General D iscussion
To i l l u s t r a t e  a few general p ro p e r t ie s  which are  
ooiimion to a l l  e l a s t i c  systems sub jec ted  to load$ the 
s u b sc r ip t  1 i n  th e  equations of th e  prev ious s e c t io n  
w i l l  now he rep laced  hy i t s  a c tu a l  v a lu es  ( i . e ,  1, 2? 3, 
etc»)? and the  c o e f f ic ie n ts  and co n s tan ts  i n  the equations 
thus  ob ta ined  are  c a lc u la te d .
Let us denote the  c o e f f ic ie n ts  to  the  miltnown q u an ti-  
t i e s  ( i . e .  X È ., j : f , jZÉ * • - )  the  above mentioned
equatlons by where the  su b sc r ip t  m denotes the  nunaber
of the  equation^ and the  su b sc r ip t  n the number of the  
unknown to  which the  e o e f f ic ie n t  a p p l ie s .
The co n s ta n ts  of th e  same equations  w i l l  be denoted
'by L m .'
The complete system of equations f o r  a c rankshaft may 
than  be w r i t te n  a s s -
Q.I, n>  -«• Q-i^nr -I................+ = = =  Cl
. . 50
CLlM.Mx. + " ~ Cm.
In troduc ing  m atrix  n o ta t io n ,  th e  above equations may
( i ) . „be w r i t te n  as
CL 11 CLin M ' C,
(XîU CK%3u Cl»M M l c .




In  equation  (50(b)) the  m atrix  f \  r e p re se n ts  the  
e l a s t i c  p ro p e r t ie s  of the cr^mlcshaft. This m atrix  w i l l  
be c a l le d  the * 'c h a ra c te r is t ic  m atrix" of the  crankshaft*
A ll the  elements o f th e  c h a r a c te r i s t i c  m atrix  a re  
derived  from th e  m .aterial o r the dimensions of th e  crank- 
s h a f t j  and th e  m atrix  i s  independent of th e  ex te rn a l  loads*
The m atrix  C  i n  the  same equation  re p re se n ts  th e  
e x te rn a l  lo a d s , and i t  w i l l  th e re fo re  be r e fe r re d  to  as the 
"load m a tr ix ", A ll the  elements of th e  load m atrix  are
l i n e a r ly  dependent on one ex te rn a l load  o r ano ther, and the
f T W m T t i r r m r r r f ; in-1 -rrtfr-mpiwrnn-ir •inrrii-n-^-iv 'nir-^T ^nrt-n-rtT-iT T fri-T ^-n—iiirntiTrii-iifur iiri-iffAir -i r fni»irtr|pnriitiTnnr rnitT-mi m in i n irnir>i^^iri'nt ii n wr r im in iin iin irrri nm n-i-rrrtiiiirM^ -^  * , n  - bi iinii' in'iiu n in i iiitnrrTpm ii im i r  r-nim n i tn
(1) Determ inants and M atrices -  A. 0 .A ltken, M#A., D*So«, 
]?ol«8a Seventh E d itio n , 1951? page 3*
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lo ad  mat 1:1 X w i l l  th e re fo re  van ish  i f  a l l  th e  e x te rn a l  loads  
a re  equal to  s e ro .
Eimerl ga l  Oomputat 1 on ^
The o la B s i f ic a t io n  c a r r ie d  out in  th e  above paragraph 
suggests  the  fo llow ing  procedure fo r  th e  num erioal computa™ 
t lo n  r e la te d  to  the  e f f e c t  of any combination of loads  
ap p lied  to a c rankshaft *
Let us assume th a t  i t  i s  d es ired  to  f in d  the  e f f e c t s  
of each load separa te ly*
F i r s t  of a l l?  s ince  th e  c h a r a c te r i s t i c  m atrix  of our 
system of equations i s  pu re ly  dependent on th e  c rankshaft 
dim ensions, t h i s  m atrix , which i s  v a l id  f o r  aziy load 
system, can he c a lc u la te d  once and f o r  a ll*
The o h a ra -c te r is t lo  m atrix  f o r  th e  s ix -c y l in d e r  d ie s e l  
engine (E»E* 0 6 0 ., Nr« 51) i s  shown i n  F ig . 14-.
Secondly, the  load  3%atrices must he considered and i t  
w i l l  he n ecessary  to  d erive  the load m a trix  f o r  each load 
system under study . R esu ltan t e f f e c ts  can he obtained? 
e i t h e r  hy o b ta in in g  th e  load  m atrix  due to  the  r e s u l t a n t s  
o f  the  lo ad s , o r  by a f i n a l  ad d it io n  of th e  e f f e c t s  due to 
the  se p a ra te  load  systems.
A c o n s id e ra tio n  of v a r io u s  systems of fo rc e s  app lied
55
to  a  craakBlia^t i s  glTeia i n  the fo llow ing  chap ter which 
may th e re fo re  he considered as a p a r t  of th e  num erical 
example c a r r ie d  out i n  p revious work-
Before t h i s  ch ap te r  I s  concluded^ howeverÿ i t  w i l l
he oonvenient to  give a  sh o rt  survey of methods fo r  p r a c t i ­
ca l s o lu t io n s  of la rg e  s e ts  of l i n e a r  sim ultaneous equations
I t  i s  immediately ev iden t th a t  th e  orthodox method of 
success ive  e l im in a t io n  would involve la rg e  p r a o t io a l  d i f f i ­
c u l t ie s ^  Portim ately?  rec en t  developments have given more 
e f f i o ie n t  methods? of which the  *^!Difference I t e r a t i o n  
Method" ) and the  "R elaxation  Method" should he 
mentioned*
$he success of th e  mathod app lied  depends la r g e ly  on
the s k i l l  of th e  operator?  and the  "Relaxsition Method"?
w ith  will eh the  au thor i s  b e s t  acquainted? has th e re fo re  
been chosen f o r  the  so lu t io n  of our p a r t i c u l a r  problems «
(1) Morris? Jo fhe E sc a la to r  Method i n  Engineering
V ib ra tio n  Problems? Chapman, and Hall? 
ISMTf, ps%^ 3 6 3 ,
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I n  isMs c h a p te rÿ ubo iidLll he made of the  method 
developed i n  th e  two previous chap ters  to  ca rry  out analyses  
of th e  e f f e c t s  of v a r io u s  systems of ap p lied  lo ad s  on the  
c ran k sh aft of a m u l t i -c y l in d e r  engine «>
I t  i s  p o s s ib le ÿ by tcreating th e  c ran k sh a ft  in  a success­
io n  of angu lar  p o s i t io n s  covering a ooBiplete revo lu tion^  to  
o b ta in  th e  e f f e c t s  of the  complete fo rce  a c t io n s  whj.oh occur 
i n  a r e c ip ro c a t in g  e n g i n e f o  o b ta in  accu ra te  re su l ts^  
however) t h i s  procedure re q u ire s  la b o r io u s  num erical work and 
would be very  leng thy  w ithout the  a id  of a computing machine*
For p r a c t lo a l  re a so n s 5 i t  has th e re fo re  been necessary  
to  confine our a t t e n t io n  to  the  fo rce s  which are  of main 
i n t e r e s t  i n  conjunction  w ith  the r e s t  o f  the work in  t h i s  
!RhesisA These fo rc e s  may be l i s t e d  as th e  mean c e n tr i fu g a l  
fo rc e s  and a l l  the  fo rc e s  and to rques  due to  th e  to r s io n a l  
v ib r a t io n s  of the  c rank shaft
Ae we s h a l l  now see , the  above l i s t e d  fo rc e s  w i l l ,  under 
s p e c ia l  circum stances, possess a common f e a tu re  which w ill  
s im p lify  t h e i r  analyses*
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I t  w i l l  be remembered th a t  f o r  g enera l c rankshaft 
lo ad s  tre a tm e n ts  were req u ired  f o r  a succession  of angular 
p o s i t io n s  of the  c ran k sh a f t .  Tkls procedure I s  n e c e s s i ta te d  
by th e  v a r i a t i o n  of th e  lo ads  as the  cranlcshaft i s  ro ta tin g *  
However, lo ad s  whi>oh a re  independent of th e  angular p o s i t io n  
o f th e  c ran k sh aft can be analysed once and f o r  a l l  i n  one 
tre a tm en t *
The mean v a lu es  of the  c e n tr i fu g a l  fo rc e s  a re  independ­
en t of the  angu lar  p o s i t io n  of the  c rankshaft and, conse­
quently  , t h e i r  e f f e c t s  can r e a d i ly  be examined*
The v a r io u s  fo rce  a c t io n s  due to  th e  to r s io n a l  v ib ra t io n s  
of th e  cranlcshaft a re  a lso  Independent o f  th e  angu la r  p o s i t io n  
of th e  cranlcshaft as th ese  fo rc e s  r o ta te  w ith  i t*
Forces due to  the  to r s io n a l  v ib r a t io n s  of the  c ran k sh aft 
do, however, have d i f f i c u l t  phase r e l a t i o n s ,  i f  th e  to r s io n a l  
v ib r a t io n s  a re  o f f  resonance*
In  o rd e r  to  s im p lify  the  trea tm en t of these  fo rc e s ,  we 
w i l l  assume resonance condltlone*
The mean v a lue  of th e  c e n tr i fu g a l  fo rc e s ,  as w ell as 
th e  fo rc e s  due to  th e  to r s io n a l  v ib ra t io n s  o f  th e  c ran k sh a f t ,  
have been examined f o r  s in g le  cranks in  Appendix I  * When 
ap p lied  to a m u lti- th row  c ra n k sh a f t , t h e i r  a c t io n  w i l l  be as 
shown i n  Fig* 15, which g ives a f ro n t-e n d  view of th e  crank­
s h a f t  o
I t  should be remembered th a t  the  fo rc e s  due to  the  
to r s io n a l  v ib r a t io n s  Of th e  c rankshaft vary  s in u s o id a l ly  
w ith  the  same frequency as the  to r s io n a l  v ib ra tio n s*
In  the  work which fo llow s each of the  above-discussed 
fo rc e  a c t io n s  w i l l  be t r e a te d  In  turn*
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OF Centrifugal Torces. and Harmonic V ibrational torces.
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Let n.B f i r s t  of a l l  eonslder th e  e f f e c t s  of the  c e n t r i ­
fu g a l fo rc e s  due to  th e  motion of th e  o u t-o f-h a la n e e  masses 
which follovm a steady r o ta t io n  of the  crankshafto  
Q-enerallys th e re  a re  both re o ip ro e a t in g  and r o ta t in g  o u t -o f -  
balance masses p re sen t i n  a c rankshaft system^ and th ese  are  
d i s t r ib u te d  between the  bearinge in  ways which vary from 
design  to  design^ R o ta ting  o u t-o f-b a lan ce  masses a re  
e a s i ly  t r e a te d j  b u t th e  e f f e c t  of the  r e c ip ro c a t in g  masses 
i s  more complex g being  dependent on th e  an.gular p o s i t io n  of 
the  crankshaft*  îOhe r e s u l t a n t  value of th e  c e n tr i fu g a l  
fo rce  w i l l  th e re fo re  a lso  vary w ith  the  crank angle*
In  t h i s  work 5 however g we v d l l  only confine our a t te n ­
t io n  to  the  average value  of t h i s  va ry ing  c e n tr i fu g a l  fo rce  
as t h i s  g en e ra lly  i s  l a r g e r  than  the v a r ia tio n s*
I t  w i l l  be assumed th a t  the po in t of a p p l ic a t io n  of 
the  c e n t r i fu g a l  fo rce  i s  a t  the  cen tre  o f th e  cranliiping and 
the in a c c u ra c ie s  in troduced  by t h i s  assumption are  probably 
of minor importance*
Using th e  fo llow ing  notations™
mH r o ta t in g  out-of-^balance«
M =5 re c ip ro c a t in g  mass*
R ^ crank radiuso
60
X %= len g th  of oormeoting rod*
W -  angu lar v e lo c i ty  of th e  crankshaft*
the  average value  of the  c e n t r i fu g a l  fo rc e  p e r  crank w il l
(A\
be given by^  ^s-
____________C?. ™1j!cA>'('Wi+-^(>-»--k('^) )) .______________   • » 51
For f u r th e r  p rogress  in  the a n a ly s is  i t  w i l l  now be 
neeeesax\y to  rew ort to  num erical v a lu es  r a th e r  than  symbolic 
expressions*. ÏÏÎhe num erical example chosen f o r  our purpose 
r e f e r s  to  a s ix -c y l in d e r  d ie s e l  enginej and we w i l l  confine 
our a t t e n t io n  to  the  resonance speed f o r  the s ix th  harmonic 
of the  to r s io n a l  v ib ra t io n s  of the  crankshaft*
fhe c e n t r i fu g a l  fo rc e s  as c a lc u la te d  out are  now 
en te red  in to  the fa b le  shown in  Fig&l6*  ^ whloh a lso  g ives 
th e  necessary  d e f le c t io n  o o e f f io ie n ts  f o r  c a lc u la t io n s  of 
the  load  m atrix  * Making use of equations  (42) and (43)j> 
the load matrix^ ae a lso  seen in  the same fa b le  j has been 
obtained»
(She s e t  of l i n e a r  equations formed by the load matrix@ 
the c h a r a c te r ! s t i e  m atrix  (Mg* 14) and the unknown bending 
moments are  solved by applying the  r e la x a t io n  .method, and 
each crank i s  h en cefo rth  t r e a te d  s e p a ra te ly .
03he r e s u l t s  of these  c a lc u la t io n s  a re  p resen ted  i n  Mg* 17 
( 1 ) Appendix I  > e q u a ti  on 29 » A «
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whlohÿ f i r s t  o f  a l l?  g ives the  bending moments o ccu rrin g  a t  
th e  mai.n jo u rn a ls  o f the  crankshaft and, secondlyp the  
b ea r in g  re a c t io n s  f o r  th e  jo u rn a l bearings  i n  amplitude and 
d i r e c t lo n .
I  OIA.L FOHGIB s
frea tm en ts  f o r  th e  v a r io u s  fo rce  a c t io n s  which occur on 
th e  c ran k sh aft  as a r e s u l t  o f i t s  v ib r a t io n a l  motion %d.ll be 
very  s iB illa r  to  th a t  given, f o r  the  c e n t r i fu g a l  forces* 
fh e re  Isg however^ one d if fe re n c e  between th e  two fo rce  
systems -  namely^ th a t  th e  l a t t e r  depends on th e  am plitudes 
of th e  to r s io n a l  T ib ra t io n s j  v&ereas th e  former depends 
pure ly  on th e  speed o f  ro ta tio n *
For an a n a ly s is  of th e  v ib ra t io n a l  forces^  i t  wi3.1 be 
n e c e s sa ry g accord ing  to  th e  above paragraphp to e s ta b l i s h  
th e  v ib r a t io n a l  aJB.plitudes along th e  Gran.kBhaft*
I f  we confine our a t t e n t io n  to  resonance conditionsg 
th e  r e l a t i v e  v ib r a t io n a l  am plitudes can be obtained  from th e  
Holi^er fable? which i s  c a lc u la te d  through to  f in d  th e  n a tu r a l  
frequency of th e  c ran k sh a ft system* Fig^.18 g ives  th e  Holder 
fa b le  f o r  th e  low est iiatu:ral frequency of the  c ran k sh aft  of 
th e  d ie s e l  engine under consideration*

























































































































































































































am plitudes al>oiig th e  crankshaft?  I t  now remains to  f in d  the 
ab so lu te  v a lu e  f o r  one of them*
iiie most accu ra te  way of doing t h i s  i s  to  take measure­
ments a,t th e  most convenient p lace on th e  a c tu a l  engine *
Howeverÿ s ince  c ran k sh aft fo rc e s  and h ea r in g  re a c t io n s  
are  s t r i c t l y  p ro p o rt io n a l  to the am plitude of the  to r s io n a l  
V ib ra tio n s  a t  any p o in t  i n  the  orankslm ft system? our 
Geilculations w i l l  he c a r r ie d  out f o r  a d e f le c t io n  of one 
rad ian  a t  th e  f ro n t  end of the  engineo f h i s  i s  r a th e r  
convenient as i t  makes our a n a ly s is  a t  t h i s  s tage  independ­
ent o f experim ental work*
For convenience? the  fo rce  a c t io n s  due to  the  to r s io n a l  
v ib r a t io n s  of th e  c rankshaft w i l l  he d iv ided  in to  th re e  
se p a ra te  e f f e c t s  w&ioh w i l l  each he t r e a te d  in  turn*
Applying t h i s  procedure? the  r e l a t i v e  importance of 
each of th e  e f f e c t s  i s  d isp layed  c le a r ly  and? f in a l ly ?  the  
r e s u l t a n t  a c t io n  may he found hy sup erpo s i  t i  on *
R adial V ib ra tio n a l  Forces:
Kie r a d ia l  v ib r a t io n a l  fo rc e s  may he descrihecl as oyolio 
v a r i a t io n s  in  th e  c e n tr i fu g a l  fo rce s  * These v a r ia t io n s  are 
due to changes i n  the an.gular v e lo c i ty  of th e  c rankshaft as 
a r e s u l t  of i t s  torsiona3, v ib ra tio n s*
The r a d i a l  v ib r a t io n a l  fo roee w i l l  th e re fo re  vary  w ith  
th e  same freqnenoy ae the  Gorresponding to r s io n a l  v ib ra t io n s
Denoting the  amplitude of th e  1 th * harmonic of th e  
to re io n a l  v ib ra t io n e  o f  th e  c rankshaft a t  one p a r t i c u la r  
crank by ? th e  am plitude o f  the  r a d ia l  v ib r a t io n a l  fo rc e  
w i l l  be given
(TDk 2NRwA» - ^ (  I ))cog.N(ufl:TSJ  ^ . . .  52
where a l l  o th e r  symbols have the  same moaning as given in  
th e  p rev ious  section^
From now on? th e  procedure i a  the  same as f o r  the  
c e n t r i fu g a l  forces* F ig# 1§ g ives the  r a d i a l  v ib r a t io n a l  
f o rc e s  a c t in g  on each crank? the req u ired  d e f le c t io n  c o e f f i ­
c ie n ts  and? flna3J.y? the  load matrix* The so lu t io n s  fo r  
the  moment equations of th e  c rankshaft a re  given in  F ig*20? 
■which a lso  p3?esents th e  bearing  re a c t io n s  in  magnitude and 
d irec tio n *
T angen tia l Tib3r*ational Forces and ‘V ib ra tio n a l Torque si
âe w ell as r a d ia l  v ib r a t io n a l  fo rces?  the  v ib ra t io n a l  
motion of th e  o u t-o f-b a lan ce  masses of a crankshacCt w3.ll a lso  
cause ta n g e n t ia l  v ib r a t io n a l  fo rce s  and v ib r a t io n a l  torques*
T angen tia l v ib r a t io n a l  fo rc e s  are  simply obta ined  by 
(1) Appendix I? equation  2 8 ‘A
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coneidering  th e  ta n g e n t ia l  a c c e le ra t io n  o f  th e  cen tre s  of 
g ra v i ty  o f  th e  masses under consideration*  V ib ra tio n a l 
to rq u es  a re  found by considering  the  angalaa? a c c e le ra t io n s  
of th e  i n e r t i a s  of th e  same masses about t h e i r  axes of 
ro ta tio n *
I t  fo llo w s f 3?om th e  above, th a t  th e  t o t a l  v ib r a t io n a l  
to rqu es  are  foamed by an a d d it io n  of th e  to rque  e f f e c t s  
produced by th e  ta n g e n t ia l  v ib ra t io n a l  fo rc e s  which a c t  on 
an arm equal to  the  d is ta n c e  from th e  cen tre  o f g ra v i ty  to 
th e  ax is  o f ro ta tio n ?  and the pure to rques  which a re  due to  
the  angu lar a c c e le ra t io n  of the  balanced in e r t i a s *
Because of th e  c lose  connection between th e  ta n g e n t ia l  
v ib r a t io n a l  fo rc e s  and the  v ib r a t io n a l  torques? th ese  two 
e f f e c t s  w i l l  both  be t r e a te d  in  the same section* Separate  
tre a tm en ts  are? however? given as i t  i s  of i n t e r e s t  to  f in d  
the  e f f e c t  o f  o^tt-of-ba,lance on the  b ea rin g  r e a c t io n s  which 
f o i l 01# from the  'v ib ra t io n a l  motion of the  crankshaft*
The r e s u l t a n t  e f f e c t s  of both  fo rc e  and to rque  a c t io n s  
a re  f i n a l l y  obtained by superpo s i t i  on *
Bet us now consider the  e f f e c t  of th e  ta n g e n t ia l  
v ib r a t io n a l  fo rc e s  whioh are  due to  any out™of-«balance in  
the  c ran k sh aft system*
I t  w i l l  be a.sswned f o r  convenience t h a t  th ese  fo rc e s
65
a c t  a t  th e  c e n tre s  o f the  orankplme. Making use of th e  
same n o ta t io n  as i n  the  prevjxms Boction? th e  ta n g e n t ia l  
v ib ra tio n a l force fo r  any crank w il l  be given by the 
fo llow in g  eq u a tio n .0 ).«
CT-L — — T- Q- l  1T ))svmNCoot-»-Sj _ . . .  55
Making use of th e  ap p ro p ria te  d e f le c t io n  c o e f f ic ie n ts ?  
th e  load  rae;|rix i s  now worked out i n  th e  same way as i n  the  
p rev ious section# {See Fig#21)®
The moment eguo/bions a re  then  solved and f i n a l l y  the 
bea3?ing r e a c t io n s  a re  found hy t r e a t i n g  each crsmlc s e p a ra te ly  
The r e s u l t s  o f  th e se  c a lc u la t io n s  a re  given i n  Fig*2 2 *
Wo t  a study of the v ib r a t io n a l  torques? i t  i s  again
oonvenient to  r e tu rn  to th e  Holder Table# Oolutmi 6 of t h i s
Table g ives  a summation o f  a l l  th e  i n e r t i a  to rq u es  a c t in g  on
one s ide  o f  any c ro s s - s e c t io n  of the  c ran k sh aft system*
Prom to rq u e  e q .u i l ih r im  co n s id é ra tio n s  tJriis summation of 
to rq u es  must he c a r r ie d  hy th e  c ro s s - s e c t io n  of th e  crank­
s h a f t  and. th e  to rq ues  a c t in g  over th e  c ran k sh a f t  c ro ss -  
s e c t io n s  a t  the  h ea r in g  cen tre s  a re  th e re fo re  obtained#
These la t t e r  to rq u es  a re  en tered  in to  f ig »  25 wilth t h e i r  
a p p ro p ria te  d e f le c t io n  c o e f f ic ie n ts  and th e  lo ad  m atrix  i s  
c a lc u la te d  "by maliiing use of equations (4 8 ) and (4 9 ) of th e
(1) Appendix I? equation  27 A.
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prev ious  chapter#
The moment equationa are  mow solved ae before  and th e  
oranliiahaft moments and bearing  re a c t io n s  a re  en tered  in to  
th e  t a b le  given i n  f i g # 24»
f in a l ly ?  to  complete t h i s  section? th e  r e s u l t a n t  
b ea r in g  r e a c t io n s  due to  both the  tangen tie il v ib r a t io n a l  
fo rc e s  and the  v ib r a t io n a l  to rq ues  are  found by adding the  
component re a c t io n s  v e c t o r ! a l ly .  These r e s u l t a n t  b e a r in g
r e a c t io n s  a re  shown i n  F ig .25 «
T ~ i G t  . 2 5  .
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At t h i s  s ta g e 9 i t  may be of some i n t e r e s t  to  reTiew 
and d iscu ss  some of th e  r e s u l t s  derived by c a lc u la t io n s  i n  
t h i s  Chapter.
l e t  us  f i r s t  conside r  some te c h n ic a l  a sp ec ts  of the  
a r i th m e t ic 9 such as the  amount of work involved  and the  
accuracy ob ta ined .
.All c a lc u la t io n s  p resen ted  have been c a r r ie d  out on 
an e leven  in c h  s l id e  r u le .  In  o rd e r  to  e lim in a te  a r i t h ­
m e tic a l  mistaîœs? i t  %vas g en e ra lly  found n ecessary  to  check 
every s te p  by r e c a lc u la t io n .  This procedure tends to be 
te d io u s .  Sometimes9 however9 s im pler checks can be c a r r ie d  
out on the  f i n a l  r e s u l t s .  ]?or instance^  s in ce  both  the  
c ran k sh a ft and th e  mean, c e n tr i fu g a l  fo rc e s  a re  sy^imetrical 
about th e  cen tre  bearing) so should a lso  a l l  eranlcshaft 
moments and bearing  re a c t io n s  be.
G enerally) f i n a l  checks are obtained by f in d in g  the  
r e s u l t a n t  of the  b ea r in g  re a c t io n s  which should be equal and 
o pposite  to the  r e s u l t a n t  of the  ap p lied  loads  from fo rce  
b a lance . Where the  app lied  loads a re  pure to rq u e s 5 i t  then  
folloivs t h a t  a l l  th e  b ea r in g  re a c t io n s  should add up to  £îero
The checks c a r r ie d  out on th e  f i n a l  r e s u l t s  w i l l  a lso  
give some id e a  about the  accuracy of the  a r i th m e t ic a l  work.
prom P ig , 17 i t  i s  seen th a t  the  work of t h i s  Chapter gives 
c ran k sh a f t  moments and h ea r in g  ré a c t io n s  which a re  symmetri­
c a l  to  m t h in  an e r ro r  of one-ha lf  p e rc e n t .  This o n e -h a lf  
p e rcen t in c lu d e s  a l l  in a c c u ra c ie s  in troduced  throughout the  
e n t i r e  a r itlm etiC p  and in d ic a te s  th a t  work on an eleven inch 
s l id e  ru le  g ives  q u ite  s u f f i c i e n t  accuracy.
The a c tu a l  va lu es  of the  b ea rin g  r e a c t io n s  f o r  a m u lt i -  
throw c ran k sh af t  ob ta ined  in  th i s  Chapter give r i s e  to  
c e r t a in  i n t e r e s t i n g  observations*
I t  i s  seen from P i g ,17 th a t  the  c e n t r i fu g a l  fo rc e s  a t  
h igh  speeds give r i s e  to r a th e r  la rg e  b ea r in g  reac tions*  
f o r  our p a r t i c u l a r  crankshaft^  the  l a r g e s t  bea rin g  re a c t io n  
which occurs on the  cen tre  bearing  i s  conside rab ly  l a r g e r  
th an  th e  va lue  o f th e  c e n tr i fu g a l  fo rce  f a r  one crank. 
Gonsequently9 i t  would be wrong to  assume th a t  th e  c e n t r i ­
fu g a l  fo rc e s  of each sep a ra te  crank balance each o th e r  out 
th rough the  connections betvrnen the cranks in  the  m u lti­
throw crankshaft*
Belated to  the  e f f e c t s  o f  the v ib r a t io n a l  motions of 
th e  crankshaft^  i t  i s  seen from P ig *22 and 24 th a t  th e  
v ib r a t io n a l  to rques  c re a te  considerab ly  l a r g e r  bearing  
re a c t io n s  than  th e  v ib r a t io n a l  fo rc e s  due to  o u t-o f-b a lan ce  
masses. Balance w^eights f ix ed  to  the  indivi-dual cranks
69
w i l l  th e re fo re  n o t reduce the  b earin g  r e a c t io n s  g r e a t ly .
I t  should be n o tic e d  th a t  th e  bearing  re a c t io n s  due to 
the  ta n g e n t ia l  v ib r a t io n a l  fo rc e s  and th e  v ib r a t io n a l  to rques  
can be added v e c to r i a l l y  i n  space -  see P i g , 25 -  as they 
have th e  same phase angle* The phase angle of the  r a d ia l  
v ib r a t io n a l  forceS) howeverp d i f f e r s  by 90 degrees and t h i s  
l a t t e r  fo rc e  a c t io n  must th e re fo re  be t r e a te d  s e p a ra te ly .
This Chapter i s  in tended  to complete the  pure fo rce  
a n a ly s is  on the  m u lti- th ro w  c ran k sh a f t .  f u r th e r  a t te n tio n ^  
however, w i l l  be given to the  e f f e c t s  o f  th e  derived  fo rc e s  
on the  b earin gs  and i t  i e  hoped th a t  i n  time t h i s  w i l l  help  
to  throw more l i g h t  on th e  a se m p tio n s  concerning b earin g  
c o n s t r a in ts  which were necessary  fo r  the  fo rc e  a n a ly s is  of 
th e  c ra n k sh a f t .
70.
gBSBOHSE OP J o n m #  BBARIFGS, ÏO SM,A1.I. VARIAÏÏOIS IE 
A OOIggMg LOAD OR A GOmTAM OBESRIPïïGAIi POHOE.
DISGfJSSIOEs
Im ia m e n taZ ly 9 th e  o h a ra o te r i s t lo s  of gourna3. b ea rin g s  
a re  derived  from o o n sid e ra tio n s  of th e  r e l a t i v e  v e lo c i t i e s  
between the  jo u rn a l and th e  e h e l l .  By making use of the 
OGnditions f o r  v isco u s  and Incompr e s s i  h i  e flow , th ese  con- 
B id e ra tio n s  lead  to  the p ressu re  throughout the  o i l - f i l m  in  
the  h ea rin g  an.dj th e re fo re ,  i t s  load  ca rry in g  capacity*
Only r e l a t i v e  v e l o c i t i e s  m a tte r  and i t  i s  th e re fo re  
Im m aterial whether the  load  systems ap p lied  to th e  o i l - f i l m  
a re  s ta t io n e r y  vd.th re s p e c t  to  the  s h a f t  o f  the  shell*
C en tr ifu g a l fo rc e s  can th e re fo re  be t r e a te d  i n  an 
ex ac tly  analogous manner to  fo rc e s  which a re  d i r a c t io n a l ly  
f ix e d  w ith  re sp e c t  to  the  s h e l l ,  and tre a tm en ts  given f o r  
one are  equ a lly  v a l id  f o r  the  o th e r .
The o r ig in a l  purpose o f  t h i s  Chapter was to  study the  
e f f e c t s  of sm all v a r ia t io n s  i n  the  c e n t r i fu g a l  load . 
However, s in ce  the  purpose can be achieved eq ua lly  e a s i ly  
by s tudy ing  e l M l a r  fo rc e s  which are  d i r e c t io n a l ly  f ix ed  
w ith  re sp e c t  to  the  s h e l l ,  t h i s  l a t t e r  a l t e r n a t iv e  w i l l  be 
p re fe r re d ,  be ing  s im pler to  v i s u a l i s e .
i to a ly t io a l  t re a tm en ts  of jo u rn a l b ea r in g s  tend to  be
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oomplioated and approxim ations are  o f te n  e s s e n t i a l  to 
o b ta in  any so lu t io n  a t  a l l .  n e v e r th e le s s ,  both  narrow 
and long  jo u rna l hea rin g s  sub jec ted  to  co n s tan t loads  have 
been s tu d ied  comprehensively -  a n a ly t i c a l ly  as well as hy 
experiment^** ) *
The e f f e c t s  of v a r ia t io n s  in  the  ap p lied  lo ad , however, 
a re  more u n c e r ta in ,  although Imown i n  the  main p r in c ip le ,  
and, as the  ana lyses  a v a i la b le  rev ea l c e r ta in  c o n trad ic to ry  
f e a tu r e s ,  i t  was found necessary  to in v e s t ig a te  th e  problem 
as a p a r t  of the programme of t h i s  Thesis^^^ *
I t  i s  assumed f o r  the  trea tm en t given by the  au thor 
th a t  th e  response to  in c re a s in g  constan t lo ad s  of the  
b ea r in g  under co n s id e ra t io n  -  i*e* th e  graphs of a t t i t u d e  
angle as well as e c c e n t r ic i ty  r a t i o  ve rsu s  loaxl number -  i s  
known. However5 the  a c tu a l  shape of th e se  curves i s  
im m ateria l *
The trea tm en t put forward i s  s ia i i l a r  i n  i t s  main 
f e a tu re s  to  th a t  o r ig in a te d  by S todola and developed by 
Hummel and Hagg. I t  c o n s is ts  of rep rese ia ting  th e  r e s i s ­
tance o f fe re d  by the  o i l - f i l m  to  jo u rn a l motions by
(1) A n a ly tica l s tu d ie s  a re  due to g -  Sommer fo ld ,  H arrison , 
Svdft, M itche lls  Ocvirk and many o th e r s .
Experimental s tu d ie s  a re  due tog -  M oker, B a t t l e , 
BuBois and Ocvirk, E re is le ,  etc*
(2) References are given and c o n tra d io tio n s  poin ted  out 
i n  the  in t ro d u c t io n  to  "Bearing S t i f f n e s s e s " .
A
$
etlffm esB - and v e lo c l ty - r e e is ta n c e  c o e f f ic ia n ta  follow ed 
by a r e p re a e a ta t io n  of tile jou rna l motion by two simul« 
taneouFj d i f f e r e n t i a l  eq u a tio n s .
The 00e f f i c i e n t 8 in  th ese  equations can be taken  as 
co n s tan ts  when the  jo u rn a l motion un.der c o n s id e ra tio n  i s  
em ail. For sm all v a r ia t io n s  i n  the  app lied  load  i t  i s  ' 
th e re fo re  p o ss ib le  to f in d  the  corresponding jou rna l 
di splacement s .
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BIARIES sæil'BMBSSESi
ïiitajoduc’feiOH.i»i«i:i/ iyi'4*>iRiJ<ixnig«na‘jaeB!aw^i- m w ijm
ï t  wae f i r s t  d ie  covered by Hewldrk^**^ m d  Stodola^^^ 
i n  1925 th a t  b ea r in g s  posaesB q u a s i-e l la s t io  q u a l i t i e s  tmd 
th a t  resonaîioe co n d itio n s  may occur f o r  th e  l a t e r a l  motion 
of the jou.ra.aX*
These quasi*^elaetio q u a l i t i e s  are b e s t  expla:i.ned 
co n s id e rin g  th e  e f f e c t s  o f a s t a t i c  load  ap p lied  to  a 
r o ta t i n g  jo u rn a l . See f ig u re  26. Under th e  a c tio n  of 
th e  load   ^ the  jo u rn a l w i l l  taî'Ce up a p o s i t io n  in d ic a t ­
ed by th e  e c c e n t r i c i ty  £  and th e  a t t i t u d e  angle ^  , 
Where th e se  l a t t e r  two q u a n t i t ie s  are  given as fu n c tio n s  
of th e  magni'fcude of th e  load  and the  h ea r in g  dimensions. 
Se© f ig u re  2?®
In f in i . t e l y  alow v a r ia t io n s  i n  th e  magnitude of th e  
app lied  s t a t i c  load  w i l l  a l t e r  th e  p o s i t io n  of th e  jo u rna l 
s t r i c t l y  i n  accordanoe w ith  the  e q u i l i lo r im  curves given 
f o r  th e  e c e e n t r i c i ty  and the  a t t i t u d e  ang le .
In  o th e r  words, the  o i l - f i lm  d e f le c t s  and, s ince  t h i s  
d e f le c t io n  i s  a recov erab le  response to  a  change i n  the  
magnittide of a  s t a t i c  lo ad , the h ea r in g  gippears to possess
*wi*cïttSto>teett6sir»cwtiEâî*!esfff¥Wmiarttiras4fflrîW|tiiw*i6*M»*^
(1) B.îi.Eswklrk aaâ H .D .faylor « "General 3Sleotrio 
Review" 28 (1925) Page 559.
(2) â.S'bodola -  "Sohwelg; Banatg". 85 (1925) Page 265.
S m a l l  L o a d  V A R i A T i o N S  qm J o u r n a l  Gr
F ig. 2 7 .
E x p e r i m e n t a l  C u r v e s  
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(I \
e l a a t lo  p r o p e r t i e s '^
Before oorâpleting t h i s  ImtroduotiOB» i t  should be 
remaTked th a t  the  lo a d -c a rry in g  cap ac ity  of a b ea rin g  
sub jec ted  to  s t a t i c  lo ad s  i s  due e n t i r e ly  to the angular 
v e lo c i ty  of th e  jo u rn a l ,
The h ea r in g  s t i f f n e s s e s  w i l l  th e re fo re  i n  l a t e r  work
he taken as a r e p re s e n ta t io n  of the e f f e c t  o f t h i s  angular 
v e lo c ity »
(1) Stodola®B tre a tm en t f o r  bea rin g  s t i f f n e s s e s 3 which
i s  developed and used by Itom el ( 2 )s Hagg (5)9
Peat e l  (4 ) and Cameron (5)9 1b b u i l t  on the  assumption 
t h a t  the  jo u rn a l i s  o f f s e t  from i t s  eq u ilib rium  semi­
c i r c le  due to a  disturban.ce« This egul.librium  semi­
c i r c le  r e p re s e n ts  the  v a r ia t io n  o f a t t i t u d e  angle w ith  
e c c e n t r i c i ty  r a t i o  and i t  fo llow s from the  above th a t  
the  jo u rn a l cannot leave  t h i s  pa th  pu re ly  under the  
a c t io n  of a  v a r ia b le  s t a t i c  load . The b ea r in g  stiff™  
nesses  derived by Btodola are  th e re fo re  ob tained  on a 
b a s is  which i s  c o n tra d ic to ry  to  the  d e f in i t io n  of 
s t i f f n e s s e s ,
(2 ) 0 . Hummel -  «Y.1),XoPorechungehoft« Ic.SBT? 1926 .
(5) Ac0 .Hagg -  TranSpA.B.M.l. 1946 A 211-220.
( 4 ) P es t e l  -  ’'B e ltrag  0u r  E m iitt lu n g  der hydro-
dynamlachen Bimpfunge imd fed e re ig en -  
s h a f ten von d le i t l a g e rn
-  " I n g e n i e u r - A r o h l v I X I X  Band, D r i t t e s  
Heftÿ 1954? Page 147 to  page 155,
(5) A.Oameron -  "Oil Whirl i n  Bearings** -  Engineering**-







Bisplaoement i n  x ^ d ire o t io n  tee  to  
fo rc e  Im z -d i r e o t lo n .
S tiffn ea a  =»
Blsplaoement i n  x - d i r e  o t i  on due to 
fo rc e  i n  m -direction»
£a&-. = S t if fn e s s  ==
M splacem ent in  ^ - d i r e c t io n  clue to 
fo rc e  in  x -d ire c t io n e
S t i f f n e s s  ^
Displacement i n  0- d i r e  o t i  on due to  
fo rc e  in  a -d i re o t io n .
(S tiffness
(in )
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Iiet ua decoapose in to  eoHiponents in  l in e  with
and perpendicular to 'V*»H« *# 11 litamfc
aaiiees a radiaX d isp laeem entr
( 5%  s  w\p( _
and a  ta n g e n t ia l  displaoement
Sw\»Cf"
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F u r th e r :
&I& A, Sw\Pf
and
P}$siyv\P( tt S *5
Let us deoompose in to  oomponents in  l in e  w ith
and p e rp en d icu la r  to  /"P
1$% causes b r a d ia l  dlsplaoementg
c i i« K «w i!fOTi>< a iS » s « a a 6 ^
l/C
m o ï L
asicl a  tsingentiaX displacem ent g
"5'R Ak causes a ta n g e n t ia l  dlBplacement
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F u rth e rs
/V \M  \
2 _ J .
mid
Mallng liee of equationB (54)? (55)? $56} and (57), 
i t  i s  now p o ss ib le  to  d e r iv e  the  v a r i a t io n s  of th e  s t i f f  me os 
c o e f f i c i e n t s  of a jo u rn a l hearing  w ith  load  number co rre s ­
ponding to  any two curves of e c c e n t r i c i ty  r a t i o  end a t t i t u d e
78
angle v e rsu s  the  same v a r ia b le .
A complete specimen C£ilGu3.ation vd.ll be given a t  
of t h i s  chaptere
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FEÏiOOXTI-EESI BTAICE COEFFIGIEHTS s
Let U8 now assume th a t  the  v a r ia t io n s  in  the  constan t 
ap p lied  fo rc e  which were t r e a te d  as s t a t i c  in  the  previous 
s e c t io n  become v a r ia t io n s  of a frequency .
For moat p r a c t ic a l  purposesj th e se  v a r i a t io n s  i n  the 
co n s tan t ap p lied  fo rce  w i l l  be h igher harmonies o f  the  
engine speed. W riting w  fo r  th e  angula^r v e lo c i ty  o f the 
engines we th e re fo re  o b ta in  ^ N w  @ where ^  I s  an
i n t e g r a l  nujftber^
Since the  l a t e r a l  motion of th e  jo u rn a l  i n  th e  s h e l l  
i s  now performed w ith  an app rec iab le  v e lo c i ty s  the o i l - f i lm  
w i l l  provide an a d d i t io n a l  r e s is ta n c e  of a v isco u s  n a tu re .
Oonversely-ÿ s ince  t h i s  r e s is ta n c e  i e  e n t i r e ly  due to  
th e  l a t e r a l  v e lo c i ty  o f th e  jo u rn a l , i t  may be s tu d ied  by 
co n s id e rin g  a n o n - ro ta t in g  jo u rn a l.
On t h i s  b a s i s 5 and u s in g  the  co n d itio n s  f o r  v iscous  
incom pressib le  f l u i d  flow^ the  v e lo c i ty  r e s i s ta n c e  c o e f f i ­
c ie n ts  v a l id  f o r  sm all d isplacem ents and no s ide-leakage^ 
can e a s i ly  be derived .
iia we s h a l l  see l a t e r ,  i t  i s  necessary  to  take s id e -  
leakage in to  eonsi de r a t i  on fo r  bearings  of 1 eng th /d i amet e r  
r a t i o s  which are  common i n  p r a c t ic e ,
P e s te l  d e r iv es  an approximate c o r re c t io n  fo r  s id e -
80
leakage by ooneidering  the  two-dimensionak o i l - f lo w  
between two approaching f l a t  p la te s  and f i n a l l y  o b ta in s  
the  fo llo w in g  two formulae f o r  th e  v e lo o lty ^ resista n o e  
c o e f f ic ie n ts  i n  th e  and x-directions^"*  ^i -
5 9
I l l  r  I I ~i îii~ii ,1, üT^iiiT.nfH 'irVfr n i ' i |  ^ in i i f 'm i twn^-np r-gH T -- - r r rrT —rrkTrl—■"n^-T‘r r r ‘=-iff‘ri“r-M-T“—i '" — Yi“^ T-r— ii'if r n f  rrtrr fr - r^ 'T T T ri" '■“ iTirr nrr v - r  T r  I - i-i - r i r  T— -r r-r -m —r f f  ■tfr*-'*-T-*r i — Tti— -"T-rr
(1) E ^Peste l -  **Beitrag su r  B rM ttlu n g  der hydrodynemisohen
D&ipfun.gs und Federe igensohaften  von 
© le it la g e rn .
**Xngenieur-lrchiv** m i  Band, B r i t t e e  Heft, 
1954? Page 152, equations  (15) «
1 .
m v r B m m i à ' L  e q ï ïm io h s  a m i  80 i,u$i0E :
Silice f o r  our purpose i n e r t i a  fo rc e s  on th e  jo u rn a l, 
due to  i t s  l a t e r a l  m otion, a re  n e g l ig ib le ,  s u f f ic ie n t  
in fo rm a tio n  i s  now a v a ila b le  fo r  th e  d i f f e r e n t i a l  eq ua tions  
r e la te d  to  th e  b e a r i n g ^ .
Denoting th e  ap p lied  fo rc e s  in  th e  x - and ^ -d ire c t io n  
%  a%a Va. respee-blveljr, and th e  corresponding  d ie -
placem ents by ) i  and % , the  co n d itio n s  of fo rc e  balance 
f o r  t$ e  jo u rn a l w il l  give g -
 __________________*3 ^  " ■ C . c x X - i -  C x % %  3 k>cX ____________________ __
For steady  s ta te  co n d itions s o lu tio n  of th e  above 
eq u a tio n s  g iv e ss -
A
KK-f . . 60
X
   ^  . . 61
This oonoludes th e  symbolic work o f t h i s  Ohapter, bu t 
to  0O3aplete the  a n a ly s is ,  num erical c a lc u la t io n s  r e la t in g  to  
the  c en tre  b ea rin g  of a s ix  cy lin d e r d ie s e l  engine a re  given
in  th e  fo llo w in g  s e c tio n .
(1) For a c tu a l  f ig u re s  s e e ;-  Vtomerioal O a lo u la tio n s* ”
82«
naîBEI G à L  GâLGÜlÂTÏ OIS ;
fti>r<rirtrnTiiii>n *1 f  rri‘f i  ■ i i r  r-x n ii—"rnr''i"Y—  ftfeft
From p rev ious o a lo iila tio n s  oonsidering  th e  p ro p e r tie s  
of th e  e ran k sh a ft, the fo rce s  as shown by Fig*r2B were found 
to  a c t  on b ea rin g  number 4. of our s ix  c y lin d e r  d ie se l  
eng ine .
To r iv i s e  th e  f in d in g s  in  th e  p rev ious chap te r, 
i s  th e  b ea rin g  fo rc e  due to  mean c e n tr ifu g a l  fo rc e s  a c tin g  
on the  c ran k sh a ft, th e  b earing  fo rce  due to  th e  r a d ia l
V ib ra tio n a l fo rc e s  and . th e  b earin g  fo rc e  due to  th e  
v ib r a t io n a l  to rques  and th e  ta n g e n tia l  v ib ra t io n a l  fo rc e s .
I t  should a lso  be kep t in  mind th a t  th e  l a t t e r  two 
fo rc e  a c tio n s  a re  due to résonance to r s io n a l  v ib ra t io n s  of 
th e  c ran k sh a ft and r e f e r  to  one rad ian  maximum am plitude.
The scheme f o r  th e  bearing  c a lc u la tlo n s  w il l  now be 
as fo llo w s g-
The average e c e e n tr ic i ty  and the  a t t i tu d e  angle f o r  th e  
jo u rn a l a re  ob tained  by con sid e rin g  th e  e f f e c t  o f th e  mean 
c e n tr ifu g a l  fo rc e s .
The s t i f f n e s s  and th e  v e lo c ity  r e s is ta n c e  c o e f f ic ie n ts  
of th e  jo u rn a l b ea rin g  may then  be found from the  forBiulae 
derived  in  the  p rev ious s e c t io n s »
Making use o f th e se  c o e f f ic ie n ts ,  th e  jo u rn a l d e f le c ­
t io n s  corresponding  to  the  bearing  fo rc e s , which a re  due to
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the to r s io n a l v ib ra tion s of the erenkshaft^ may then f in a l ly  
he ealoxilated ueing ecinations (60) and (61
B c c e n tr io lty  and A ttitu d e  An^e*
She fo llo w in g  dim ensions and co n d itio n s  w i l l  he useds—
L
lo 3  ) iÏSf2.C*
>oLBtMSWa3StertS'Jq!**iMni*!S*«tkas*di^ ^ G.%zx.loiatwarfs»aw»»ÿsyiag








She atti'bwâe angle and the e e o e n tr ic ity  ra tio  oan now 
be read against the above load mmber from the experimental 
graph obtained by BaBois and Oovirk, as shorn in  M g.27s-
& a 6 | of C 41®
Hence the jonrnal e c c e n tr ic ity  w il l  her
S tiffnesses®
FiTo w i l l  again make ns@ of the graphs which are shOTO 
in  M g. 26. fo r  the same load number as referred  to above,
04
and app ly ing  th e  proper,, eoale o o rreo tio n  fa c to rs^  we
obtain :
I X \ S '  1 %
/ d p ' ' ^  h n i y -  \ o  ^ / \ b
B nffic iex it in fo rm a tio n  i s  now a v a ila b le  to  f in d  a l l  
th e  reciuix’ed h ea rin g  s t i f f n e s s e s  from ecjuatlons (54)? (55) 
(56) and (57).
fM s  le a d s  to s -
¥ t n .
M
Velo c l ty««Ee s i  s tance  Coef f  i  oi ent s .
(Dhe veloo ity -*reB l0tan.ae coe f f ic ie n te  are  oa/lc'olated 
from equations (58) and (5 9 )g-
)SÙk.
Applied f o r c e s .
fhe ap p lied  fo rc e s  a re  given by and of Fig®28.
^  ^  Cfn«?30eÈK5qM»
For f a r th e r  ealG O lationa? however? i t  w i l l  be necessary  to  
r e f e r  th ese  fo rc e s  to  th e  and ^-d ireo tionsB
We th u s  o b ta in g -
I
-A
B paQ O  Cos. j
aoQ {Cojuffl:-*- SfeV-BI.Sj
Jou rna l M aplaceraents ,
»w*s5tiWKfOBWMtQwii*«aih..;tiœar3yj5ï<iaaum=rt»,-t»ra:M«.y»riHif»e»BFi«a»
B uffi d e n t  in fo rm atio n  l e  now a v a ila b le  to  o b ta in  th e  
d isp laoeaient o f th e  jo u rn a l i n  th e  x -  and ^ -d ire c t io n s  
corresponding  to  th e  app lied  loads m d by m$tking 
Use of equations (60) and (61)»
X  ^  IS .Z x lo  'Los {G(u>t-tEfe>)"h S â
- - ^  2 .6  X ((fhom, {(g(.ugt-i'&teV-1B2.•& I
iVûSASÏÏRSB Bï SPLAGEffiEiras.
Xt w il l  be remembered that th e  above two diaplacem ents 
a re  derived  w ith  re sp e c t to  a co -o rd in a te  system which 
r o ta te s  w ith  th e  c ran k sh afts  fo malce th e  v a lu es  ob ta ined  
comparable w ith  experim ental readings? i t  w i l l  be necessary  
to  r e f e r  th e  d isp lacem ents to  a s ta t io n e ry  co-ordinate®  
F arthe r?  th i s  c o -o rd in a te  should co incide w ith  th e  d ire c t io n  
in  which experim en tal read in g s  of the  jo u rn a l d isp lacem ents 
a re  to  be taken .
Fig®29 shows the  jo u rn a l d isp lacem ents derived  above 
in  r e la t io n  to  the  p o s it io n  o f fo u r p ick-up  u n i ts  which w il l  
be used f o r  experim en ta l readings®
Denoting th e  angu lar p o s it io n  of any p ick-up u n i t  w ith  
re sp e c t to  th e  c y lin d e r  cen tre  l in e s  by the 6t h .
harmonlc of jo u rn a l d isplacem ent r o ta t in g  w ith  th e  crank­
s h a f t  le a d s  to  th e  fo llo w in g  5th® and ?th« harmonics w ith  
re sp e c t to  th e  s ta t io n e ry  piclc-up u n i t s .
As — lo-ai K t d . . .  62
63
I t  should be n o tic ed  th a t  the an g u la r p o s it io n  of the 
pick-up u n i t  used a f f e c ts  only the  phase angle of the 
harmonies measured and n o t the  am plitude.
"Fig- . 29 .
/
J o u r n a l  C e n t r e . .
\
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S i x t h  H A R M O N I C . OT J o u r n a l  D i s p l a c e m e n t s
X IB IÏÎA  fOHOBSs
l i n a l l ^ T ÿ  l>efore t h i s  ohapter 1 b oompleted^ a 'b rie f  
eo n e id e ra tlo îi should be given to th e  m agnitade of the 
I n e r t i a  fo rc e s  a c tin g  on th e  jo n rn a l due to  I t s  6tho 
harmonie l a t e r a l  m otion.
For th e  s ix  c y lin d e r  d ie s e l  engine under eonslde ra tlon^  
th e  t o t a l  mass per crank #111 he le s s  than  50 I'bs.
Hence th e  i n e r t i a  fo rc e s  are  determ ined hy
%  a .IrF. X I X2.0 X 13 ■ a, X \o " '-= *  J'oQO lb
which i s  l e s s  than  10fJ of any of the  ap p lied  fo rc e s  
and ^he i n e r t i a  fo rc e s  are  in  quad ra tu re  w ith  th e
v isco u s  fo rc e s  which a re  th e  main r e s is ta n c e  fo rc e s  andg 
consequently^ they  may he neglected#
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8 eeo tio n  v d l l  give a d e a c r ip tio n  of experim ental 
work ca.r3?ied ou t on a s lx -o y lin d e r  d ie  a e l engine (R^E* 0«60)^
The experim ents were conducted to  correspond to  th e  
theo3:?etloal work c a r r ie d  out in  the  p rev ious se c tio n  and^ 
coneeguently^ they are  arranged under th e  fo llow ing  two 
main headings § -
(a) Measurement of C rankshaft T o rsiona l V ihrationso
and
(h) Measurement of l a t e r a l  1)1 sp l a cements 
of a Ormikshaft Main Journal*
The form er o f th e  above two experim en ta l in v e s t ig a t io n s  
i s  today developed in to  an alm ost s tandard  t e s t  and only a 
sh o rt d e s c r ip t io n  of apparatus? fo llow ed by a p re se n ta tio n  
and d isc u ss io n  of r e s u l ts ?  has th e re fo re  been given*
The measurement of jo u rn a l l a t e r a l  displacem ents? 
however? Im plied v a rio u s  d i f f i c u l t i e s  and a more complete 
d e s c r ip t io n  o f experim ental gear ? as w ell as th e  procedure 
adopted? i s  th e re fo re  presented*
A ll t e s t s  w^ere c a rr ie d  out f o r  th e  engine id3.ing? such 
th a t  th e  e f f e c ts  of d riv in g  to rques on th e  c ran k sh aft a re  
com pletely  removed, Thus? the  im portance of th e  f i r i n g  
lo ad s  i s  a lso  reduced to  a zkLnimum and? consequen tly? the
90.
e f f e c t s  of th e  loads analysed in  the p rev ious se c tio n  
w il l  emerge w ith  the l e a s t  p o ss ib le  obsomrity*
F in a l ly  ? i t  should be mentioned th a t  a v iscous damper 
o r ig in a l ly  mounted a t  the f ro n t  end o f th e  crankshaft was 
removed to  make the  résonance peaks f o r  th e  to r s io n a l  
V ib ra tio n s  d ie t in o t  and of reasonable magnitude* I t  was? 
however? checked by am plitude measurements th a t  the  
s t r e s s e s  in  th e  c ran k sh a ft were n o t excessive*






a ) .  S p e r r y  E l e c t r o m a g n e t i c  T o r s i o g r a p h .
b ) ,  T . D . C .  m a r k e r .
c ) .  O s c i l l a t o r - D i s c r i m i n a t o r  U n i t .
d ) .  Wave A n a l y s e r .
e ) .  O s c i l l o s c o p e .
f )• Te s t m e t e  r .
ARRANGEMENT 0 F MEASUREMENT 
APPARATUS FOR"ENGINE TESTING.
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In tro  âu o tl on*
Let ua fo r  a moment re tu rn  to  the Holder Table 
oa lou la ted  fo r  the  orankehaft o f the  e lx -o y lln d e r  d ie se l  
engine (E«E* 0,60) i n  the previous se c tio n , (See f ig e lB ) .
I t  i s  seen from th is  fa b le  that f o r  the f i r s t  mod© of 
to r s io n a l  v ib ra tio n s  th e  la r g e s t  am plitudes occur a t  th e  
f ro n t  end o f th e  c ran k sh a ft. Qonsequently, th is  p o in t 
w il l  be the most d e s ira b le  f o r  tak in g  measurements,
Because o f the  r e la t iv e ly  h igh n a tu ra l  freq u en c ies  of 
thé  crankshaft?  co n s id e ra tio n s  had to be given to  p o ss ib le  
I n e r t i a  e f f e c ts  in  the  measurement gear* E le c tro n ic  gear 
was th e re fo re  preferred, Fin@,lly? a ^Bperry E le c tro ­
m agnetic Torsiograph**  ^ was used ae a p ick-up  u n i t  In  
eonjunotion  with a **Muirhead Barnetrada Wave Analyser" aa 
the reco rd in g  in stru m en t,
6alib ry feion%
Before the  a c tu a l  engine te s ts ?  i t  was necessary  to
(1) S tan sfie ld ?  1, -  "The Measurement of T orsiona l
Vibrations" ( In s t ,  of le c h , Eng,
Feb, 1942),
Wilson? W, ïCer? " P ra c tic a l S o lu tio n  of T orsional
V ib ra tion  Problems"? (Ohapman & 
H all London? 1941 ? Vol*2,? Page 265)^
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carry  out c a l ib ra t io n s  o f the measwement gear and? fo r  
t h i s  purpose? the appara tu s  shown in  F ig «31 was used,
A sh o rt d e s c r ip tio n  w il l  be necessary .,-
The plok-’Xip u n i t  (a) i s  b o lted  to  a dummy-shaft (b) 
which i s  supported in  b a ll-b e a r in g s  * The s h a f t  i s  ex c ited  
in  to r s io n a l  v ib ra t io n s  by a moving c o il  e x c i te r  (o)? d riv en  
by a pow er-supply panel (d ), The e x c i ta t io n  can be con­
t r o l l e d  to  give s h a f t v ib ra tio n s  of d i f f e r e n t  freq u en c ie s  
and am plitudes,
The v ib ra tio n a l, am plitudes o f th e  dummy-shaft a re  
measured by means o f an o p t ic a l  system . L igh t from a p o in t 
source (e) i s  r e f le c te d  by a plane m irro r (f)?  a ttach ed  to  
th e  s h a f t  end? finally?'? focused on the  screen  o f a moving 
f ilm  camera (g) by means o f a long fo c a l le n g th  len s  (h)»
A p o in t image of the  l ig h t  source i s  th u s  formed on 
th e  camera so'^een and angu lar v ib ra tio n s  of th e  durmny-shaft 
a re  recorded  as v a r ia t io n s  i n  th e  p o s it io n  of t h i s  image*
C a lib ra tio n  co n s ta n ts  f o r  the  o p t ic a l  system are 
ob ta ined  from measurements of the d is ta n c e s  between the 
l ig h t  source and the  m irror? the m drror and the  lens? and 
the  len s  and the  camera, screen* (Bee Appendix I I )  «
The to rs io g ra p h  was connected to  the  wave a n a ly se r  ( i)  
f o r  measurements of th e  ou tpu t voltage*
FIGURE 51
a ) .  S p e r r y  E l e c t r o m a g n e t i c  T o r s i o g r a p h
b ) .  D u m m y - s h a f t .
c ) .  M o r i n g  C o i l  E x c i t e r .
d ) .  P o w e r - S u p p l y  P a n e l .
e ) .  P o i n t  S o u r c e  o f  L i g h t .
f ) .  P l a n e  M i r r o r .
g ) .  MoYing F i l m  C a m e r a .
h ) .  L e n s .
i ) .  Ware A n a l y s e r .
TORSIOGRAPH CALIBRATION APPARATUS.
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A s e r ie s  o f t e s t s  was c a rr ie d  ou t in  o rd e r to  study 
th e  behaviour of th e  Sperry llO»ectromagnetio T orsiograph fo r  
a  range of s h a f t  v ib ra t io n s  of am plitudes from &9ero to  *8 
degrees and dL3?e<%uen(3]Les frora 100 cy c les  pev  second to  JOG 
cy c les  per second; th i s  range being  s u f f i  d e n t  to  cover th e  
a p p lic a tio n  of th e  instrum ent* B a r t io d a r  a t te n t io n  was 
pa id  to  the  na'baral frequency of th e  c ran k sh a ft whzLoh w il l  
l a t e r  he s tu d ied  hy means of the  to rs io g ra p h  -  i .e «  194 
cy c les  per second.
I t  was found th a t  a v e lo c ity  o a l-ih ra tio n  f a c to r  of 
,688 Mv*Bec*/Bega?ee could be used f o r  th e  in s tr tm e n t 'w ithin 
the  above ran.ge* The accuracy of t h i s  co n stan t was given 
to  w ith in  an e r ro r  of ^ 84 s th i s  being  th e  maximum de v ia -
#KtW '  *
t io n  from the  average observed in  the  experim ental r e s u l t s .
The above-quoted e r ro r  was p r im a rily  due to  i n s t a b i l i t y  
o f th e  in stru m en t and d i f f i c u l t l e e  were encountered in  
im proving upon th i s  co n d itio n .
Engine f e s t s t
The Sperry E lectrom agnetic  T orsiograph was b o lted  to  
th e  f ro n t  end of th e  oronkshaft o f th e  d ie s e l  engine 
0* 60).
The engine was run a t const mit speeds d i f f e r in g  by 
50 E,PoEo throughout th e  e n t i r e  speed range. For each speed
94#
measurements were taken  of th e  6 th , « 7§-th, ? 9 th , and 12th* 
harmoMo of th e  an g u la r m otion of th e  f r o n t  end of th e  crank­
s h a f t  by means of th e  Muirhead Bametrada Wave A nalyser,
O ther harmonioB were of no in te r e s t?  'being of n e g l ig ib le  
magnitude w ltM n th e  speed range,
The engine speeds were measured ‘by means of a tachom eter? 
th e  read in g s  o f vdiich checked a g a in s t th e  Wave .Analyser*
The x^esulta ob ta ined  are  p resen ted  as graphe in  F ig*3^» 
whioh give to r s io n a l  am plitudes in  degrees p lo tte d  v e rsu s  
the engine speed*
D iscussion*
The graphs of F ig *32 show th e  u su a l f e a tu re s  of 
frequency  response curves f o r  v ib ra t io n a l  system s. Bach 
harmonic in c re a s e s  to a laaxlmum value  a t  th e  engine speed 
which corresponds to  th e  n a tu ra l  frequency o f th e  c ran k sh aft 
and? th e re a f te r?  decreases  ra p id ly ,
The la r g e s t  resonance am plitude occurs fo r  th e  6 th . 
harmonic end we w il l  th e re fo re?  in  fo llo w in g  work? pay 
p a r t ic u la r  a t te n t io n  to  t h i s  resonance peak*
This peak value  o f th e  am plitudes i e  used in  con junction  
w ith  th e  t ia e o re t ic a l  a n a ly s is  of th e  p rev ious s e c tio n  to  
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jo-arnalSo l a t e r ,  th e  same cUeplaoemeats he measured.
In  t h i s  eonnection? i t  should be memtl omed th a t  g siuoe 
th e  aoeurae^ of th e  r e s u l t s  obtained w ith  th e  torBio^ra,ph 
l i e s  i n  th e  reg io n  of ^  Bfop i t  ean he assumed th a t  th e  same 
degree o f aeouraey a p p lie s  to  th e  am plitude v a lu es  ob tained  
f o r  th e  to r s io n a l  v ib ra t io n s  of th e  o ran k sh aft.
F in a lly  g some words should be S8i.d about th e  e a le u la -  
t i o n  of th e  c ran k sh a ft n a tu ra l  frequencyg as p resen ted  in  
th e  HolBor fab le^  (Bee Fig«18)c
From o b se rv a tio n  of th e  engine speeds a t  who.oh the  
reeonanoe peaks oceurg i t  was p o ss ib le  to  obtajLn a measiire 
of th e  c ran k sh a ft n a tu ra l  frequency of v ib ra t io n  whi-ch 
could be compared to  th e  ca lc u la te d  n a tu ra l  frequency o f 
194 cy c le s  p e r second.
Such a comparison shows a d e v ia tio n  in  the  measured 
n a tu r a l  frequency g from th e  c a lc u la te d  v a lu e  g of 
approxim ately   ^ 2fa.
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lo c a t io n  o f Measurement P o in te
âe we proceed to  d ie  cues th e  expérim enta], measurements 
o f th e  l a t e r a l  d isp lacem ent a of a c ran k sh a ft jou rna l?  i t  
aho’uld  be emphaaised aggdn th a t  th e  o b je c t o f th e se  measure­
ments l a  to  throw l i g h t  on th e  th e o r e t ic a l  a n a ly s is  o f th e  
c ran k sh a ft fo rceso  I t  is ?  th e re fo re?  of im portance th a t  
the  meaauroment gear should he designed end ap p lied  accord­
in g  to  in fo rm atio n  a lread y  a v a ila b le  about th ese  f o r c e s «
Let us f i r s t  o f a l l  co n sid e r th e  b ea rin g  re a c tio n s  due 
to  th e  mem. c e n tr ifu g a l  fo rc e s  -  (See (ühese a re
r o ta t in g  fo rc e s  o f co n s tan t magnitude end w ill?  oonsequently? 
cause th e  jo u rn a l c e n tre s  to  move round th e  b ea rin g  c e n tre s  
w ith  a co n s tan t e e o e n tr ie i ty .
IM fo rtu n a te ly ? th e  above^^described a f f e c t  i s  obscured 
by th e  f i r i n g  lo a d s . However? by s e le c t in g  th e  b ea rin g  f o r  
which th e  b e a rin g  r e a c t io n  due to  th e  mean c e n tr ifu g a l  fo ro ee  
I s  la rg e s t?  th e  r e l a t iv e  im portance of th e  f i r i n g  lo ad s  w i l l  
be minimj.sed. f h is  suggests  th e  s e le c t io n  o f b ea rin g  
number Ao f o r  our m easurem ents^^^.
Becondly? th e  fo rc e s  due to  th e j Wr^ ijC ^ l
(1) The b ea rin g s  a re  numbered from th e  f ro n t  end o f th e  
en g in e .
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of th e  o ran k sh aft should be considered  -  (Bee F ig . 25)- 
Sheae fo rc e s  cause th e  la r g e s t  b e a rin g  rea .c tions to  be s e t  
x\p on b ea rin g s  5* and 6# ? bu t th e  re a c t io n  on b ea rin g  4. i s  
o f reaso n ab le  m agnitude.
From p r a c t ic a l  co n sid e ra tio n s?  b ea rin g  4* again  
rev ea led  some advantages. I t  was lo n g e r than  th e  b ea rin g s  
5o and 6. and? consequently? gave more room fo r  pick-up 
u n i t s .  In  a d d it io n  to  tM s?  i t  was found to  be reasonab ly  
a c c e s s ib le .
As a  r e s u l t  o f th e  c o n s id e ra tio n s  given above? i t  was 
decided to  measure the  l a t e r a l  d isp lacem ents of th e  crank­
s h a f t  jo u rn a l in  b ea rin g  4*
?/ith  regard  to  th e  p o s it io n  of th e  Bieasurament p o in ts  
Yirithin the  a c tu a l bearing? i t  i s  c le a r  th a t  th e  b e s t angular 
p o s it io n  i s  where th e  f i r i n g  loads have th e  l e a s t  e f f e c t  -  
:l6eo in  a l in e  approxim ately  p e rp en d icu la r to  th e  c y lin d e r  
c e n tre  lin eo
ïïn fortm aately? such p o s it io n s  were n o t re a d ily  
a c c e s s ib le  i n  p r a c t ic e .  fo s im p lify  th e  machining? the 
p ick-up  u n i t s  were f i t t e d  in  th e  bottom b ea rin g  cap a t  
degrees o f f  th e  c y lin d e r  c en tre  l i n e .  -  (See f i g . 3 3 )«
She p ick-up  u n i t s  were a lso  spaced asizlally such as to  
r e g i s t e r  any jo u rn a l s lo p e .
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S p ecifioa tioB  of Measux’smenf Problem.
tBwrbWa*stifrtâ'«wttta5B=»CTW8w™.tfwwa»Rs=f5iW*=WiiiaOT;.»=<ïJi!iwmi!Bii«KS!m!BtoWiis«iWt*e^^
Oonoernlng th e  m agnitudes of th e  dlsplaoememta to  be 
measured? i t  i s  seen from Page (83) th a t  th e  co a s ta n t 
r o ta t in g  e c o e n te ic i ty  f o r  b ea rin g  4 , i s  estim ated  to  be 
equal to  «,00278 in .  This jo u rn a l d isp lacem ent must l i e  
f u l l y  'Yiithln th e  range covered by the  measurement g e a r ,
B ela ted  to  th e  v ib ra t io n s  o f th e  c rankshaft?  we a re  
in te r e s te d  in  a 5 th .-  and a 7th.«*haraionie of th e  joxm ial 
l a t e r a l  d isp lacem en ts . -  (Bee Page (86) E quations 62 and 
6 3 )« Shese harm onics have araplitxides of th e  o rd e r of 
O.OOOl^S and? f o r  a reasonab ly  acc u ra te  measure o f th ese  
q u a n t i t ie s  g th e  measurement gear should g ive reading,s down 
to  0.00001».
I t  v d l l  be r e a l is e d  th a t  th e  above requ irem en ts a re  
severe  ; th e  main o b s ta c le  being  h igh re q u ired  accuracy in  
co n ju n c tio n  w ith  a r e la t iv e ly  wide range.
F in a lly ?  some fe a tu re s  r e la te d  to  th e  p r a c t ic a l  
o p e ra tio n  o f th e  measurement gear should a lso  be review ed.
I t  i s  e s s e n t ia l  th a t  a c a l ib ra t io n  can be c a r r ie d  out 
f o r  th e  measurement system such th a t  o u tp u t read in g s  can be 
in te r p r e te d  in  term s of d isp lacem ents o f th e  jo u rn a l from 
i t s  c e n tre  p o s it io n . %his im p lie s  th e  n e c e s s i ty  f o r  a 
lo c a t io n  of th e  s h a f t  c en tre  p o s it io n  in  r e l a t io n  to  the  
o u tp u t from the  measurement geax%
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iâSÜBlMBFf urn,
Ihe f e a tu re s  of our measurement problem d ra f te d  in  th e  
p rev ious s motion suggest th e  use of e le c tro n ic  gear and? i t  
was decided to  take  advantage of experience gained by 
Eollmami and Eookel^^  ^? v/ho were sucoessfxil in  ta c k l in g  a 
s im ila r  problem.
îühey used a v a r ia b le  cap ac ity  type of piok-up u n i t  in  
co n ju n c tio n  w ith  an O B O illa to r-d ise rim in a to r  unrlt as th e  
s ig n a l g e n e ra tin g  p r e - c i r c u i t .
A s im ila r  system was designed and b u i l t  f o r  our 
measurement problem . Four p ick-up u n its ?  each c o n s is tin g  
o f a b ra ss  d ise  (a) /  form ing the  l iv e  p la te  o f a condenser? 
f i t t e d  to  an in s u la t in g  support made of f ib re -b a s e  b a k e l i te
(b)? were p o s itio n e d  in  th e  low er cap o f b ea rin g  4. -(S ee
fhe  oranlcshaft jo u rn a l formed th e  ea rth ed  s ide  o f th e  
piok»*^ ixp u n its?  such th a t  v a r ia t io n s  in  th e  o i l - f i lm  tM ok> 
n ess  appeared as v a r ia t io n s  in  c a p a c ity ,
fhe piok-up u n i te  were connected th rough  co-æ cial 
cab les  to  th e  p ro --c irc u it in%mt where a  sw itch  was in c o r­
porated? such th a t  each piok-up u n i t  could be used in  tu rn .
(1) Eollmann,?K. and Hockel?PI.L<, ^ I rm it t l im g  der Pi eke dee 
Bchm lerfilm s in  den (Jrundlagern e in e r  B ta tio n a ren  
B iese lm o to rs . Jahrgan.g 14® lr .5 «  May? 1953,
FIGURE
#
a ) .  L i v e  C o n d e n s e r  P l a t e s .
b ) .  I n s u l a t i n g  S u p p o r t .
JOURNAL BEARING CAP SHOWING 
METHOD OP MOUNTING PICK-UP UNITS.
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fhe p r e - c i r c u i t  was designed to  convert th e  v a r ia t io n s  
i n  c a p ac ity  between th e  l iv e  p la te s  of th e  piok-up u n i ts  
and th e  s h a f t  in to  v o ltag e  v a r ia t io n s  of s u f f i c ie n t  am pli­
tude to  be measured hy th e  Muirhead Pam etrada Wave Analyser? 
o r d r iv e  th e  Oossor Double Beam d .o . O s c i l l o s c o p e ^ ,
fhe  above-described  measurement system promised 
s u f f i c i e n t  s e n s i t iv i ty  and range fo r  our purpose? and? 
fu r th e r?  i t  possessed  th e  advantage th a t  a d i r e c t  c a l ib ra ­
t io n  could be c a r r ie d  o u t.
(1) l o r  const3?uGtloaal d e ta i l s  and c i r c u i t  diagram of th e  
Os c i H a t  0 r-D i s o rim lnat o r  U nit see Appendix I I I .
fSSÎDIl© JUro 0Aï.îBRâTI01 OP MBlStmElJOTK G-l’AE.
O a lib ra tio a  A pparatus.
fhe f i r s t  ooasi de r a t io n  in  design ing  the c a l ib r a t io n  
ap p ara tu s  was to  sim ula te  engine co n d itio n s  as c lo se ly  as 
p o ss ib le  * However ? i t  was a lso  necessary  to  take s im p lic ity
i n  design  as w e ll as o p e ra tio n  in to  account.
A fte r some development ? the Apparatus shown, in  F ig , 34 
came in to  shape.
A sh o rt s te e l  s h a f t  (a) ground to  the  same d iam eter as 
th e  CDZ'ankshaft jou rna l?  vms used as e, s u b s t i tu te  f o r  the  
a o tu a l j oxirnal.
i*he b ea rin g  cap (b) was fix ed  in  a v ice  and th e  bottom 
of the  s h e l l  f i l l e d  wi.th th e  same lu b r ic a t in g  o i l  as was 
used in  the  en g in e .
fwo f e e le r  gauges (e)? one on each side  of th e  p ick-up 
u n i t  under te s t?  were used to  mazlntain the c o rre c t o i l - f i lm  
thicknesB  between th e  s u b s t i tu te  jo u rn a l and th e  s h e l l .
When p o s itio n ed  in  th e  sh e ll?  the  s u b s t i tu te  jo u rn a l was 
kep t down by a heavy w eight (d)? which was req u ired  to  give 
a u f f io ie n t  pressxxre on th e  f e e l e r  gauges f o r  oo .nsisten t 
re a d in g s .
Both the  b ea rin g  s h e ll  and th e  s u b s t i tu te  jo u rn a l were
FIGURE 5 4 .
a ) .  S t e e l  S h a f t ,
h ) .  B e a r i n g  C a p .
c ) .  P e e l e r  G a u g e s .
d ) .  W e i g h t .
e ) .  O s c i l l a t o r - D i s c r i m i n a t o r  
U n i t .
f ) .  E l e c t r o n i c  T e s t  M e t e r .
CALIBRATION APPARATUS.
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ea rth ed  to  th e  ohaeBis of th e  oao l11a to r-d lao rim im a to r 
im it  (e ) .
Binoe the  o a l lb ra t io n  te s te  were s t a t i c  t e s t s  talcen a t  
V arious f ix e d  v a lu es  o f o l l - f i lm  thlolm ees? am eleotrom io  t e s t  
m eter (f)?  o p e ra tin g  on th e  v o l ts  d ,o . range? was used to  
measure the  ou tpu t p o te n t ia l  of the  o s c l l la to r -d ie c r im in a to r  
u n i t .
Before com pleting th e  desoxùptlon o f th e  o a llb ra tlo rn  
apparatus? i t  should be mentioned th a t  f o r  p r a c t ic a l  reasons 
th e  v a r ia t io n s  o f d i e l e c t r i c  constan t f o r  th e  lu b r ic a t in g  
o i l  w ith  tem perature? was IgnoM d.
I t  is?  however? shown by Mucker^  ^ th a t  such v a r ia t io n s  
f o r  a s im ila r  lu b r ic a t in g  o i l  a re  sm all and ? oonsGquently? th e  
e r r o r  in tro d u ced  i s  n o t expected to  be o f g re a t im portance .
C a lib ra tio n  fo s te
wmr*lBtïr?si-'J«ssratotoPîz#5tPr»iMiVWi7Seit^rtisî»'«se6iiF^
Ae w ell as ca rry in g  ou t s t r a ig h t - f o i ’ward c a lib ra t io n s  
f o r  th e  measurement gear? i t  was n ecessary  to  study i t s  
behaviour w ith  the  aim of e s ta b lis h in g  a t e s t  p rocedure.
F i r s t  of a l l?  however? a d e s c r ip tio n  w il l  be given of 
the  c a l ib r a t io n  t e s t s .
I t  w i l l  be n o ticed  from Appendix XII? th a t  two condeneers
(1) Miloker -  **Uber den SohMervor'gang Im O le ltla g e r»
(fo rech u n g sh eft, 552),
a re  a T sA la b le  f o r  a â ju stm e a t on th e  o s o i l la t o r - d iB e r iJ i i in a t o r  
tm l t .  A oonclenser C». i n  s e r i e s  w ith  th e  piok-up irn it
p rov ides  s e n s i t i v i t y  adjustment? and? a ooncleneer C% i n  
p a r a l l e l  w ith  the  piok-up u n i t  i s  in c o rp o ra te d  f o r  tu n in g  
p w p o ses .
fhe s e r i e s  condenser s e t t i n g  wMcli gave th e  saost 
convenient s e n s i t i v i t y  f o r  the  i n s t  rim ent ? was obta ined  from 
p re lim in a ry  t r i a l s  and l a t e r  m aintained co n s ta n t throughout 
a l l  t e s t s .
To d isp la y  the  e f f e c t  o f va ry in g  th e  cap ac ity  of the  
p a r a l l e l  condenser? t e s t s  were c a r r ie d  ou t u s in g  f iv e  
s e t t i n g s  of t h i s  condenser f o r  each p ick-up  i m l t ^ ,
In  short?  the  procedure of each t e s t  may he o u tlin ed  as 
follows-^
fo reach  s ta b le  co n d itio n s  a l l  in s tru m en ts  were switched 
on two hours be fo re  u se ,
f e e l e r  gauges were se le c te d  to  give approxim ately th e  
maximum va lu e  of o il-fiX m  th ickness?  and p laced  in  p o s it io n n a i
fhe s e r i e s  condenser was s e t  to  give the  s e le c te d
— r-T—— —'" 'iT ^ iT r rr '" — i 'i— r - i t— i - —i-rirv*-TT-i-irrT"rTn-*‘" 'tr f rr f ‘^ ^ r r i 'i i l 'ii i iim—n-r—i r r - n  1 T -rrv n - n r T - r n Y r r T T - im T n f f'^i rtri imrriMT r f i i m m r i  n r- , i ■ i r  t nn r inn^ ivT rrnu  iV rrr w f  m  r rr t u i ni
(1) Using d i f f e r e n t  s e t t in g s  f o r  th e  p a r a l l e l  condenser
means the  same as vmrking on d i f f e r e n t  p a r te  o f  the
cli Bcrim inat0 r  oharact e r i  s t l  e «
(2) The maximum o i l - f i l m  th ick n e ss  f o r  the  h ea r in g  i e  equal
to  the d iam etra l c lea ran ce . 0?his was measured f o r
h e a r in g  4* hy ta k in g  a lead  wire Impression? and found 
to  he ,0095»^
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aem altlT lty aad the p a r a lle l  coadeaser ad^justed to give the 
reqalred s ta r tin g  v o ltage  fo r  the d iscrim inator output
*î +
A s e r i e s  of read ing s  f o r  a range i n  o l l - f l l m  th lo lm ess? 
from, maclmum to  sero  ? was now talten f o r  eaoh s e t t i n g  of th e  
p a r a l l e l  condenser.
A complete c a l i b r a t io n  t e s t  Yms c a r r ie d  out f o r  each 
p ick-up  u n i t  i n  turn*
M s CUB e l on.
The graphs shown i n  F ig *35 and 36 a re  p resen ted  to  
i l l u s t r a i ;  e the  ohar a c t  e r i  s t i e s  of our measurement system*
These a re  f i r s t  of a l l  a complete s e t  of c a l ib r a t io n  
curves r e la te d  to  p ick-up u n i t  1,? and ob ta ined  f o r  d i f f e r ­
e n t  s e t t i n g s  o f the p a r a l l e l  condenser, -  (Fig«55)*
Becondly? curves are given fo r  a l l  fo u r  pick-up u n i t s  
o f  c a l ib r a t io n  f a c to r s  v a l id  f o r  small d isp lacem ents of th e  
s h a f t  about i t s  c e n t r a l  p o s i t io n ,  -  {F ig ,5 6 )» In  o th e r  
words? th e  l a t t e r  curves a re  simply th e  s lo p es  of th e  former 
a t  *0 0 4 6 5 » o iX -film  th ick n ess.
As seen from th e  graphs of F i g .35  ^? th e  c h a r a c t e r i s t i c s  
of th e  measurement gear a re  u n fo r tu n a te ly  n on -lin ear*  This 
n o n - l in e a r l ty  i s  r e l a te d  fundam entally  to th e  design  of the
pioÎMip u n i t s  and could n o t  be improved Yvithout lo se  of 
B e n a i t iv i ty  and pooeibly  the  In trocM ction  of o th e r  
compll G âtions ,
Further?  from F ig ,36? i t  i a  seen th a t  th e  c a l ih r a t io a  
fao to rB  vary  a g re a t  dea l w ith  th e  s e t t i n g  of th e  p a r a l l e l  
condenser.
Being u n c e r ta in  whether improvements could he in co rp o r­
a te d  In to  th e  measurement gear w ithout a time consuming 
development? i t  Y/as decided to  accept i t s  choract e r i  s t i e s  
i f  answers could he found to  the  fo llow in g  two pro h i erne,
F i r s t  of a l l?  as a r e s u l t  of the  non-^ linearity  o f the  
c a l ib r a t io n  curves ? i t  w i l l  he req u ired  to  know the  sh a f t  
c e n t r a l  p o s i t io n  (or some o th e r  p o s i t io n )  i n  r e l a t i o n  to  th e  
ou tpu t from th e  measurement gear during  t e s t .  This d i f f i ­
c u l ty  was overcome by making use o f reco rd s  taken during  
a c tu a l  engine te s t s ?  as we s h a l l  see la te r*
SeoondXy? s ince  th e  c a l ib r a t io n  f a c t o r  of th e  measure­
ment gear v a r i e s  w ith  the  p a r a l l e l  condenser? i t  m i l  he 
necesaary  to  ensure t h a t  the  measurement gear can he r e s e t  
to  c a l ib r a t io n  oond itions  f o r  l a t e r  t e s t s .
For a  d ie  ousel on of t h i s  problem? l e t  u s  again  confine 
our a t t e n t io n  to  the  curves of Fig*3 6 ,
I t  i s  seen from th ese  curves th a t  th e  o a l lh r a t io n  
f a c to r  i n  v o l t s  p e r  thou , d isplacem ent f o r  a l l  p i ok- up u n i t s
C n u B R F j r i o N  C u r v e s
P i c k -U p  Un i t  I FlGr^  3 5
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inereafaes from lower va luee  to  a r e l a t i v e l y  f l a t  
a f t e r  wMch i t  droge o f f  eharplyo ila is  v a r ia t io B  oorree- 
ponds to  an in o re a se  i n  the  "Tolte f o r  ^sero 011-P llm  %hlok- 
whiGh re p re s e n ts  the s e t t in g s  o f  th e  p a r a l l e l  
ooncleneero
l o r  a co n s tan t In p n t s ig n a l to  th e  measurement gearj> 
th e r e  m i l  eonsequently  he oaie maxlmnm ou tpu t s ig n a l  aocord­
in g  to  th e  s e t t i n g  of th e  p a r a l l e l  condenser^ and? f o r  tW.s 
s e t t in g )  the  c o r re c t  c a l ib r a t io n  curve can e a s i ly  be s e le c te d  
from*
When th e  measurement geas? i s  employed f o r  engine te s t in g )  
the  procedure w i l l  he as fo llow s -
fhe p a r a l l e l  condenser i s  ad ju s ted  u n t i l  maximum sig^ial 
appears on th e  o sc il lo sc o p e  screen  and th e  c a l ih r a t lo n  curve 
of maximum s lo p e 3 corresponding to  t h i s  s e t t in g ?  can then  he 
used .
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MEASÏÏEElDSiæS OF ï..mB.âL PISriiAOEMSOTS OF A 
ORAIESHAFæ JOimiAI..
An’angemealî o f  Apparatus
M t e r  th e  c a l ib r a t io n  t e s t s  were completed? the  bearin g  
cap w ith  th e  fo u r  pick-’^ up u n i t s  was r e f i t t e d  i n  the engine 
and th e  meaaurement gear arranged f o r  t e s t?  as shown i n  
3F:Lg:.:)0.
Both a Muirhead Pametracla Wave A nalyser and a Goesor 
Double Beam d,Oo ÜBOillOBCope? ooanplete w ith  h igh speed 
m oving-film  camera? were a v a i la b le  f o r  reco rd in g  th e  ou tpu t 
from the 0 $ c l 11 a t  o r -  Di a orim lnat o r  Unit^'^K
ihi e lo c t ro n io  t e a t  m eter was used f o r  th e  purpose of 
o ac il lo so o p e  ca .lib ra tiona?  in  th e  manner expla ined  under 
"[Dea t  Pro oedure ” ,
For reco rd in g s  of th e  complete jo u rn a l  diaplaceraente? 
bo th  beams were used on th e  oeoilloBOope. ^he d is c r im in a to r  
ou tpu t was fed  through the  channel of h ig h e s t  am pllfica .tion  
to one s e t  o f  d e f le c to r  p la tes*  9Jhe o th e r  s e t  was u t i l i s e d  
f o r  the %)U3?p()s(3 of o b ta in in g  a mark on th e  reco rds  co rre s ­
ponding to  top dead ce n tre  of Orank 1, of the  engine*
ThB re fe re n c e  marking was accomplished by a con tac t
b reak e r  clx^cxilt designed to  d e l iv e r  a sh o rt  v o lta g e  pu lse  to
(*]) H n fo r tm ia te ly ? th e  camera was n o t a v a i la b le  when the
photograph of P ig *30 was taken .
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the  osoilXoBCOpe on the  a r r i v a l  of Orank 1, a t  top dead 
c e n tre  p o e l t io n .
She Wave A nalyser was used to  meaaure th e  am plitudes of 
v a r io u s  harmonioB i n  the  output from th e  O sc illE ito r-D iso r i-  
m inato r Tjiait,
Mring these t e s te ?  the  con tac t b reak er was dlSGomeotecl 
and th e  o sc il lo sc o p e  used pure ly  to  provide a vieu.al cheok.
For a l l  t e s t s ?  th e  tem perature  of th e  lu b r ic a t in g  o i l  
was measured i n  the  sump^^ ^ ,
She engine speed was measured w ith  a tsiehometer,
S est Programme.
I'he fo llo w in g  I'ost Programme was arranged in  accordance 
w ith  t h e o r e t i c a l  work c a r r ie d  out e a r l i e r  f o r  th e  t e s t  engine
SEBCiî 1« -  ‘fhe o sc il lo sc o p e  and high speed camera were used 
to  ooî'apile reoo3Zd8 of the  ooîaplete jo u rn a l displaoem ants? as 
r e g is te r e d  by piok-up u n i t  1, ? f o r  a range of speed from 
600 to  2)000 E.P.Mo
flB® 2* Measurements were taken on the  Wave A nalyser of 
th e  fundam ental o f  th e  ou tpu t from the  OacillatoraDiscririiina^* 
t o r  U nit)  and) n e g le c t in g  th e  n o n - l in e a r i ty  of the  r e l a t i o n s
(1) f h i s  tem pera tu re  i s  used as a measure of th e  o i l
tem peratu re  i n  th e  b earing  f o r  purposes of c a lc u l  a t  io n . 
Since th e  o i l  tem perature  in  th e  sump i s  lower than th a t  
i n  th e  bearing? an e r ro r  i s  thereby  in tro d u ce d .
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between t h i s  ou tpu t end th e  a c tu a l  jo u rn a l  dlsplaeeBients? 
th e se  meaBurements w i l l  be taken  as in d ic a t iv e  of th e  
:cirndam.ental of th e  jo u rn a l displaoements*
fhxB t e s t  was c a r r ie d  out f o r  engine speeds from 1 ? 200 
Ro3?,!,L to  2)000 and a l l  fo u r  p ick-up  u n i t s  were
u s e d ,
-  Measurements were taken on th e  Wave to a ly s e r  of 
the  5 th « and 7 th „ harmonics of the  jo u rn a l l a t e r a l  d isp la c e ­
ments w ith  the  aim of o b ta in in g  the  e f f e c t  of th e  6th, 
ha;rmonio of to r s io n a l  v ib ra t io n e  of the  c ran k sh a f t ,
A speed range from 900 H.PoMo to 2?000 E.P.M* f o r  the 
engine was covered? bu t most measurements were taken  round 
th e  resomm.ce apeed f o r  th e  c rankshaft -  (Bee F i g .$2) *
Here a lso  ? the  e f f e c t  of th e  n o n - l in e a r i ty  of th e  c a l ib r a t io n  
curves fo%' th e  O scilla tor-M B C xam inator U nit has been 
neglectedt, A ll fo u r  plok^»up u n i t s  were u s e d .
f e e t  Procedure^
I t  was n o tic e d  during  p re lim inary  t r i a l s  on the engine 
t h a t  continuous prolonged m nnlng  had th e  e f f e c t  of reducing 
the  apparent am plitudes of the  jo u rn a l d isp laoem ents.
Since no reason  could be fo m d  f o r  a decrease  in  th e
(1) Since th e  lower l i m i t  of th e  Wave Analyser frequency 
mmge i s  19 cyc les  per second? fundam entals f o r  lower 
speeds than  1 ? 200 E*P,I/L cannot be m easured,
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a c tu a l  am plitudes) t h i s  e f f e c t  was expla ined  by a ré d u c tio n  
i n  the  d ie loo trr lo  con s tan t of th e  o i l - f i l m  due to  f r o th  
fo rm ation  i n  the  lu b r i c a t in g  o i l  and? as such? the  phenomenon 
was a d i r e c t  cause o f  e r ro r s  i n  the  experim enta l r e su l ts*
fo reduce the  lmpoz?tan.oe of th e  above-described  e f fe c t?  
the  engine was never run continuously  du ring  t e s t  f o r  more 
than  t e n  minutes* t h e r e a f t e r  ? the engine was stopped f o r  
t h i r t y  minutes to  allow  the  lu b r ic a t in g  o i l  to  recover 
befo re  ano ther t e s t  was carx led  out*
lo  e r r o r s  were n o t ic e a b le  a f t e r  t h i s  procedure had been 
adop ted ,
When th e  o sc il lo sc o p e  w ith  th e  reco rd in g  cam.era was 
used) i t  was found necessa ry  to  ca rry  ou t s t a t i c  c a l ib r a t io n s  
f o r  th e se  in s tru m en ts  of in p u t  v o ltag e  v e rsu s  ou tpu t d e f le c ­
tion*
% th  the  engine s ta t io n e ry ?  convenient d*o* v o lta g e s  f o r  
t i l l s  c a l ib r a t io n  were ob ta ined  from th e  ou tpu t of th e  
O B o il la to r -M so r im in a to r  U nit ? by a d ju s t in g  the  p a r a l l e l  
condenser* fhese  v o l ta g e s  were mea-sured w ith  the  e le c t ro n ic  
t e s t  m eter.
The ou tpu t d e f le c t io n s  were laeasured on a sca le  on the  
o sc il lo sc o p e  sc re e n ? and the  camera a m p lif ic a t io n  found by 
ta k in g  a photograph of t h i s  s c a le .
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fiae Muirlaead Bametrada Wave InaXyaer g ives  reading 
i n  v o l ts^  Shese read ings  were in te r p r e te d  by n e g le c t in g  
th e  n o n - l in e a r  e f f e c t  of th e  piok-up u n i t s  gmd u s in g  the 
maxlmwa v a lu es  of th e  c a l ib r a t io n  fact03?s given in  Fig*3S
112*
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Before any p a r t i c u l a r  r e s u l t s  a re  presented? some 
g en era l remarks r e la te d  to  a l l  t e s t s  should be made*
Since th e  v i s c o s i ty  curve f o r  the  lu b r i c a t in g  o i l  of 
the  t e s t  bearing? as w ell as the  e f f e c t  o f v i s c o s i ty  on 
jo u rn a l displacement? a re  Irnown? i t  has been p o ss ib le  to  
r e c a lc u la te  a l l  experim ental read ings  to  a  common re fe re n c e  
tem pera tu re  * 60 Degrees Gentigrade was s e le c te d  as the
most convenient re fe re n c e  temperature*
Only v a r ia t io n s  i n  th e  fo rce  a c t io n s  on the bearing  
should thus  a f f e c t  th e  r e s u l t s  f o r  jo u rn a l d isp lacem ents 
presented*
B e-B lo tt in g  of E e su i ts  from f e a t  1*
Samples of th e  reco rd s  obtained  w ith  th e  o sc il lo sc o p e  
oamiera f o r  3e s t  1* a re  shown in  Fig* 3? (a^*h),
fhese  reco rd s  a re  re«^plotted making use of the  c a l ib ra ­
t i o n  curves of f i g , 35 to  give graphs of jo u rn a l  l a t e r a l  
d isp lacem ents  v e rsu s  crankangle*
!Bha method of f ix in g  th e  c ran ksh aft c e n t r a l  p o s i t io n  
on th e  t r a c e  reco rd s  can now be o u tl in e d  as fo llo w ss-
I t  ? d l l  be observed th a t  a t  low v a lu es  of engine speeds
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B x w lx  as 600 -  (Fig*37 (a) ) th e  predominant f a c to r
re sp o n s ib le  f o r  dloplEcements of th e  jo u rn a l  from i t s  
c e n t r a l  p o s i t io n  i s  th e  f i r i n g  load  which causes a sharp 
d isplacem ent peak of approxim ately 70 crankangle degrees 
duration*
The rem aining 290 degrees show only s l i g h t  irregu la ti««  
t i e s ?  the  main value o f which should give th e  jo u rn a l c e n t r a l  
p o s i t io n  to  a f a i r  degree of aocuracy* fo mark th e  jo u rn a l
c e n t r a l  p o s it io n ?  the  b e s t  s t r a ig h t  l i n e  was drami through 
t h i s  l a t t e r  p a r t  of th e  t e s t  records*
For o th e r  engilne speeds? the  s h a f t  c e n t r a l  p o s i t io n  was 
ob ta ined  from a correeponding record  ob ta ined  a t  600
fhe r e - p lo t t e d  curves showing jo u rn a l l a t e r a l  d isp la c e ­
ments v e rsu s  crankangle f o r  speeds rang ing  from 600 HoP.M* 
to  2?000 E*P*M, a re  p resen ted  in  Appendix I?«
Records o f Oomplete Jo u rna l Displacements*
fhe behaviour of th e  c rankshaft jo u rn a l b ea rin g  over the 
speed range 600 E*P#M* -  2?000 i s  i l l u s t r a t e d  in  th e
graphs given in  Appendix IV.
fheae graphs revea,! th a t  the  c ran k sh a f t  jou rna l 
d isp lacem ents  a re  determined by two main c ran ksh aft lo ad s  of 
com pletely d i f f e r e n t  c h a ra c te rs -
F I G U R E  5 7 .
( a ) .  è o o  R . P . M . . é o  G
.  I 3 A • 4  J  4  A  l «
( b ) .  800 R . P . M , .  éo C.
« >
( c ) .  1 , 0 0 0  R . P . M . , é o  C
r 7
( a ) .  1 , 2 0 0  R . P . M . ,  é o  c
OSCILLOSCOPE RECORDS OF 
JOURNAL Dl'sPLAGEMENTS.
FIGURE 57o
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A
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( f  )
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XX « 1 O K
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(a) M riïig  Loads -  As has already "been mentioned} the
f i r i n g  load  appears on the  displaoeBient reco rd s  as a  sharp 
peak of r e l a t i v e l y  sh o r t  cluratioix.
Since the  complete p a t te rn  of jo u rn a l d isplacem ent i s  
ex ac tly  repea ted  once only in  every two rev o lu tio ns^  two 
ad jacen t cycles  a re  shown on each, t r a c e  record? the magnitude 
of the  f i r i n g  peak “being s l ig h t ly  d i f f e r e n t  i n  each of these  
cy c le s .
Shis  e f f e c t  i s  produced by th e  a l t e r n a t e  f i r i n g  of the 
tvm C ylinders on e i th e r  side o f the p ick-up u n i t  and th e  f a c t  
th a t  th e  p ick-up  u n i t  i s  no t e x a c tly  the  same d is tan ce  from 
eaoho
fhe f i r i n g  load from the  c y lin d e r  n e a re s t  the piok-up 
u n i t  w i l l  th e re fo re  have the  g re a te s t  e f f e c t  on th e  measured 
d isp lacem ent.
I t  i s  a lso  apparent th a t  the e f f e c t  of the  f i r i n g  loads 
on jo u rn a l displacem ent dird.nishes p ro g re s s iv e ly  w ith  engine 
speed. 3?rom genera l h ea rin g  theory? i t  i s  Imovm th a t  th e  
h ea r in g  r e s i s ta n c e  to  load  in c re a se s  w ith  engine speed.
P l r in g  loads? although a lso  in c re a s in g  w ith  engine speed? 
w i l l  probably n o t do so to  the  same e x te n t .
She o v e ra l l  d im in ish ing  e f fe c t  of f i r i n g  load  v/ith 
in c re a s in g  engine speed can th e re fo re  be expected .
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(b) Oeatrifti-sal Poreea -  A study o f the displacement
reco rd s  re v e a ls  a c le a r  tendency fo r  the w ave-traoe to  
become more s in u so ïd a l  i n  shape wrlth in c re a se  in  engine 
speed. A s in u so id a l  v a r ia t io n  of jo u rn a l d isp lacem ent? 
recorded by a s ta t io n e ry  pick-up un it?  such as the  one in  
operation? would provide an in d ic a t io n  t h a t  the  c rankshaft 
jo u rn a l  was r o ta t in g  w ith  a constan t e c c e n t r i c i ty  w ith in  
i t s  b ea r in g  s h e l l .  (see P ig .g 8 ) .
f h i s  would suggest a r o ta t in g  fo rce  of reasonably  
constan t magnitude a c t in g  on the  bearing? such as a c e n t r i ­
fu g a l  force? and? accordingly? may be th e  e f f e c t  of the  
fo rc e  T» shown i n  P ig . 28.
Che fa c t  that the magaitMe of th is  sinusoidal, motion 
in crea ses  rapid ly with engine speeds would a lso  point to the 
presence of cen tr ifu ga l fo rces  wMoh in crease in  re la tio n  to 
the square o f the cran.kshaft speed.
She record taken at 2,000 R.P.M. in d ic a te s  c lea r ly  the 
importance o f the cen tr ifu ga l forces at high engine speed, 
compared to the r e la t iv e ly  small e f fe c t  o f the f ir in g  load s.
Reviewed in  conjunction with the force an a lysis  which 
was carried out fo r  the crankshaft in  e a r lie r  parts of th is  
t h e s is ,  the above observations confirm th a t, fo r  high engine 
speeds, the bearing load due to the mean cen tr ifu ga l forces  
i s  the predoaiinant load on bearing 4.
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P re se ia ta tl on.
Siie above fimdlmge are  ra-tber f o r t m a t e  f o r  f u r th e r
development o f the  s u b je o tg becauee they  mean, th a t  we
poesess m m erio a l  va luee  f o r  the  moot Im portan t load a c t in g
f 1 )on our t e s t  b e a r in g '
Ooneeguentlyp th e  load  numbere f o r  th e  h ea r in g  can be 
ca lcu la tedp  and i t  w i l l  be p o ss ib le  to  p re se n t  the  r e s u l t s  
ob ta ined  f o r  jo u rn a l displacem ente in  a wbj g e n e ra l ly  used 
in  b e a r in g  researoh« (See P ig .27)=
To adopt th e  s tandard  p re s e n ta t io n  completely^ the  
measured jo u rn a l dieplaoem-ents w i l l  a lso  be converted in to  
e o c e n tr i  e i  ty  r a t i o s .
Haturally^, s ince  th e  va lues  used f o r  th e  constan t 
r o t a t i n g  fo rce  a c t in g  on our t e s t  bea rin g  a re  ob ta ined  
th rough  a com plicated an a ly s is?  c e r ta in  doubts may be 
a tta c h ed  to  t h e i r  v a l i d i t y .
Along w ith  our ovm graphs f o r  e o e e n t r ic i ty  r a t i o s  
v e rsu s  losid numbers? we w i l l  th e re fo re  p re se n t  a s im ila r  
0raph ob ta ined  experim en ta lly  f o r  a b ea r in g  su b jec ted  to  
loads? the  magnitudes of which are  Imown a c c u ra te ly  «
(1) f t  of ?ig« 28 g ives  th e  value of t h i s  load  f o r  ua 
203 1/800'* For o th e r  engine speeds? i t  i s  e a s i ly  
obtained? being p ro p o r t io n a l  to  th e  engine speeds
(2) A graph ob tained  by Dubois and Oovirk f o r  narrow 
jo u rn a l  b ea rin g s  was oho sen f o r  th e  purpose#
Bee F ig . 27.
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tülms a d i r e c t  comparison omi be c a r r ie d  out to  g^,ve 
in fo rm atio n  about th e  v a lu es  of the  load  a c t in g  on our t e s t  
bearing? as ob ta ined  through the fo rce  a n a ly s is  of the 
c ra n k s h a f t .
E c c e n t r ic i ty  .Ratio -  load  lumber drapha. -  ( f e s ta  1. and 2*)
Having decided to  p resen t the  r e s u l t s  i n  the  manner 
suggested i n  the  p rev ious section? a ttem pts  were d i re c te d
toward o b ta in in g  the  bea t measure of the  c ran k sh aft jo u rn a l
e c c e n t r i c i t y  due to  th e  c e n tr i fu g a l  lo ad .
I t  was apparent th a t  some d i f f i c u l t y  would be encoun ter­
ed i n  t h i s  re sp e c t  because of th e  obacuring e f f e c t  of f i r i n g  
lo ad s .
An exam ination of the  jou rna l d isplacem ent graphs ™ 
(Appendix IV) -  suggested th a t  i t  would be p o ss ib le  to  o b ta in  
a measure of th e  e c c e n t r i c i ty  due to  th e  c e n t r i fu g a l  load  by 
two d i f f e r e n t  methods ? one which would give a s l i g h t ly  ha.gher 
va lue  th an  the  a c tu a l  value? and the o th e r  whl.ch would give a  
s l i g h t l y  lower value  than  th e  a c tu a l  v a lu e .
The two methods used are as fo llow s g-
Method (a) The 2?000 E.PoM. record  i s  a good i l l u s t r a -
trtaKtittti,5tre«hflyTtTirr.Æ»»*=‘*^ »»¥'4M5îr*a*<>
t i o n  of th e  f a c t  th a t  th e  f i r i n g  load  opposes the  c e n t r i f u g a l  
load  over th e  f i r s t  h a l f  cycle of jo u rn a l d isplacem ent w ith  
re fe re n c e  to  Crank 1. top  dead c e n tre .  Consequently? the
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jo u rn a l e o o e ii t r io i ty  due to  the oentrd/fugal load  w i l l  he 
somewhat reduced over t h i s  h a lf  cyc le . Oomve3zsely? in  the  
second h a l f  cycle of jo u rn a l displaoement? any small 
r e s id u a l  e f f e c t  of f i r i n g  load  w i l l  add to  the  oentxdfugal 
load  i n  producing c rankshaft eccenta^io ity .
I t  can th e re fo re  he expected th a t  e c c e n t r i c i ty  r a t io s  
taken  fox' the  second h a l f  cycle? ae in d ic a te d  on the  jo u rn a l 
ciisxlacement graphs? w i l l  fu rn is h  a reasonab le  but s l i g h t ly  
excessive  measure of the  c e n tr i fu g a l  loa,d e f f e c t .
Method (b) -  In  t h i s  case, the fundamental of jou rna l 
displacements as recorded by a, Wave Analyser? was taken  as 
the  measure of the  jo u rn a l e c c e n t r ic i ty  due to  the  c e n t r i ­
fu g a l  load^^ ^ .
Since i t  has been demonstrated th a t  the  main pealf. 
d isplacem ent due to  f i r i n g  opposes th e  e f f e c t  of cen trifuga l, 
load  over th e  f i r s t  h a l f  cycle? i t  l a  ev id en t th a t  the  funda­
m ental of jo u rn a l displacem ent w i l l  in d ic a te  va lues  f o r  the 
c e n t r i fu g a l  load  a c c e n t r io i ty  which a re  sm aller  thmx the 
a c tu a l  v a lu e .
The e f f e c t  o f f i r i n g  loads on the fundamental of journal 
displacem ent i s  d isp layed  by mea,Burements taken  wilth a l l  fo u r  
piok-up u n i t s ,  as shown i n  Pig#$9 and 40.
(1) Bee d e s c r ip t io n  of Test 2. on Page 108.
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,4 sh o r t  d iscu ss io n  of these  graphs w i l l  he n e ce ssa ry s-
From the  symmetrical o h a r a o te r i s t i c s  o f th e  f i r i n g  load ,
the  c e n t r i fu g a l  lo ad  and th e  geometry of th e  c rankshaft ? i t
w i l l  he expected t h a t  pick-up u n i t s  i n  th e  same angular
p o s i t ion ?  Yifith re fe re n c e  to the  oylindex’ cen tre  l i n e , wIiLl
give s im i la r  read ings  f o r  the  fundamental- of the  jo u rn a l 
( 11d i splacemexit ' «
That t h i s  i s  the  case? i s  i l l u s t r a t e d  hy Fig<^39 where 
read in g s  from piok-ap w i l t s  1. and a re  superimposed? and 
hy F i g , 40 where read ings  from i)iok-up u n i t s  2. and 4« are  
a lso  superim posed.
I t  Yd-11 a lso  he n o tic e d  th a t  read in gs  taken  w ith  pick­
up u n i t s  2. and 4. a re  lower than the  read in g s  f o r  piok-up 
u n i t s  1. and
This i s  due to  the  f a c t  th a t  measurements of f i r i n g  
lo ad  e o c e n t r io i t i e s ?  which g en era lly  oppose the  c e n t r i fu g a l  
load  e c c e n t r i c i t i e s ?  a re  dependent on th e  angu lar p o s i t io n  
of th e  p ick“*up u n i t .
Since p ick-up u n i t s  1. and 3 “ 8hoiv the  l a r g e s t  value 
f o r  the  fundamental of th e  jou rna l d isplacem ent ? read ings 
from th ese  p ick -ap  u n i t s  are  l e a s t  affected, hy the  f i r i n g  
lo ad s  and? oonseguently? the  b es t  r e p re s e n ta t io n  of the
jo u rn a l  e c c e n t r i c i ty  due to the  cent a/i fu g a l  load .
( l )  For th e  angu lar p o s i t io n s  of the  p ick-up  u n its?  
see Fig.3B#
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I t  fo llo w s from th e  d e s c r ip t io n  of th e  measurements 
tak en  hy methods (a) and (h)^ th a t  th e  a c tu a l  va lu es  of the  
e o e e n t r ic i ty  r a t i o  due to  th e  centrifug<ul load  y must l i e  
somewhere i n  the  reg ion  between the graphs obta ined  by 
th e se  two methods «
We can now th e re fo re  draw a compari son between th ese  
actueCl e o o e n tr ic i ty  v a l u e o b t a i n e d  f o r  th e  t e s t  engiiie 
ce n tre  jo u rn a l  bea ring , and the graph from Dubois and Ocvirk «
I t  I s  seen from Dig® 41 ? which r e f e r s  to  r e s u l t s  ob ta ined  
w ith  piok-'-up u n i t  t h a t  below a c e r t a in  load mmber the  
a c tu a l  v a lu es  of th e  e o e e n tr ic i ty  r a t i o ,  due to  the c e n t r i ­
fu g a l  load  a c t in g  on th e  t e s t  engine ce n tre  jo u rn a l b ea r in g , 
a re  lower than  corresponding va lues  ob ta ined  by Dubois and 
Ocvirk.
Above tM s  load number, however, the  v a lu es  obtained  
f o r  the  t e s t  engine in c re a se  ra p id ly ,  thus approa.ohing the 
curve g iven by Dubois and Ocvirk®
For an ex p lan a tio n  of th e  f e a tu re s  described  above, i t  
w i l l  be necessa ry  to rs'Irurn to th e  b a s is  of c a l c u la t im  f o r  
the  c e n t r i f u g a l  fo rc e s  on the  t e s t  engine jo u rn a l bearings*
1*0 s im p lify  th e  c rank shaft  fo rc e  a n a ly s is ,  i t  was then  
asBumed th a t  the  engine bearing s  o ffe re d  simple p o in t 
supports  to  the  c ran k sh aft -  i . e .  th e  e f f e c t  of th e  jo u rna l
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f1 )dl ap i a cement 8 were neg’lecteci. A
Since 'bearing d isplacem ents of ap p rec iab le  magnito-.de 
do occurs the  b ea r in g  In  a c tu a l  f a c t  o f f e r s  l e e s  support o r 
c o n s t r a in t  to  the  c rankshaft and? oonsequentlys the fo rce  
a c t io n  a c tu a l ly  p resen t between the bea rin g  and the crank­
s h a f t  w i l l  be l e s s  than  the oaloxilated value  <,
In  p lo t t in g  th e  t e s t  engine experim ental read ings of 
e o o e n t r ic i ty  ra tio S s  the ca lcu la ted  v a lu es  of bearing  
c e n t r i fu g a l  loads  were used to derive  the  load numbers <,
Values of load  numiber in  excess of th e  a c tu a l  v a lu es  
occu rring  in  the  t e s t  engine were the3refore used ae a b a s is  
f o r  the e c c e n t r i c i ty  r a t io s  $
file major d e v ia t io n  between the  experim ental curves 
obtained f o r  th e  t e s t  engine and the graph of Dubois and 
Oovirk can th e re fo re  be a t t r ib u te d  to  th e  e f f e c t  of jo u rn a l 
d isp lacem ents i n  in tro d u c in g  v a lu a t io n s  from th e  ca lc u la te d  
b ea rin g  lo ad s .
(1) See Pago 45
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Amplitude of 5 th . and 7 th . Ham ouios. -  ( ï e s t  3-)
%he r e s u l t s  ob ta ined  f o r  the  am plitudes of the  5th* and 
7tho harmonics o f th e  jo u rn a l l a t e r a l  displacem ents? malcing 
use of a l l  fo u r  pick-^up u n i ts ?  a re  p re sen ted  in  P ig*42-50.
I t  w i l l  he noted t h a t  r e s u l t s  ob ta ined  hy u s in g  piok-up 
u n i t s  1o and 3. a re  p resen ted  on the  same sheet and? sim i­
la r ly ?  f o r  p ick-up u n i t s  2. and 4'^  Ih u s ? the r e s u l t s  from 
pick-up  u n i t s  of th e  same angular p o s i t io n ,  hut d i f f e r e n t  
a x ia l  p o s it io n s?  can he e a s i ly  compared «
f o r  an ex p lan a tio n  of the  graphs, i t  w i l l  again  he 
necessary  to  consider two d i f f e r e n t  lo ad  a c t io n s  -  the  f i r i n g  
lo ad s  and th e  h ea r in g  lo ad s , due to to r s io n a l  v ib r a t io n s  o f 
the  Q3?ankshaft? -  and? by sp e c ia l  o o n a id e ra tio n s  of each of 
them.? i t  w i l l  he p o ss ib le  to  d ls t in g u la h  betw^een t h e i r  
e f f e c t s  on th e  measured am plitudes.
(a) Pi  r i ng l o ad s . -  Ab mentioned in  th e  d isc u ss io n  of 
r e s u l t s  from l^este 1. and 2 , ,  symmetry c o n s id e ra t io n s  show 
t h a t  the  f i r i n g  loads  should have th e  same e f f e c t  on two 
piok-up u n i t s  which a re  p o s it io n ed  synm etrioekly  about the 
ce n tre  l i n e  o f b ea r in g  4  ^ -  the  e f f e c t  of th ese  loads on
piok-up u ir l t  3. should be the same ae on piok-u%) u n i t  1*? mid 
s im i la r ly  f o r  p ick-up imi-tvS 2.. and 4«
With re fe ren ce  to  P i g ,42-49$ i t  i s  seen th a t  usi3ig p a i r s
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of syiametrioeilXy p o s it io n ed  piak-up u n i ts ?  th e  same read ings  
a re  ob ta ined  to  w ith in  a reasonable  margin o f  e r r o r  f o r  
speeds reng ing  from 900 R.P.M. to  1 ?700 Eol?J€«
For t h i s  p a r t  of th e  graphs? the  am plitudes are  th e re ­
fo re  p r i m a r i l y  due to  th e  f i r i n g  lo ad s  «
la tu r a l ly ?  the  f i r i n g  lo ad s  w i l l  a lso  have some h earin g  
on th e  am plitudes l3i th e  rem aining speed range -  (1,700 E.P.I 
to  2,000 ) -  and, co nsidering  the  e f f e c t  a t  lower
speeds, a rough es tim a te  was made of thj.s^
(h) Bearing lo a d s  due to the  forsionaX V ib ra tio n s  of the  
Orankahaft
I t  i s  seen froza P i g ,42?44?46 and 48, th a t  the  am plitudes 
of th e  5 th . and 7 th . harmonics of the  l a t e r a l  displacem ent of 
th e  cranlcshaft jo u rn a l ,  p a r t i c u la r ly  as measured w ith  piok-up 
u n i t s  1. and 2.? show d i s t i n c t  peaks near the  top  of the  
engine speed range.
Â corresponding peak i s  found f o r  th e  6th* harmonic of 
the  t o r s io n a l  v ib r a t io n s  of the  c ran k sh a f t? (se e  F ig .32)? and? 
consequently? i t  may be concluded th a t  th e  form er e f f e c t s  are  
due to  the  l a t t e r   ^<,
The same peaks f o r  the jo u rn a l displacem ent are  sm alle r
(1 ) I t  i s  seen from Page 86? th a t  a 6 th . harmonic of the  
t o r s io n a l  v ib r a t io n s  of the  c ran k sh a f t  ? as a r e s u l t  of 
the  craxiksheft ro ta tio n ?  w i l l  give r i s e  to  5 th . and 7th* 
harmonics o f th e  jo u rn a l d isp lacem en t.
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and XesB d i s t i n c t  i n  th e  graphs ob tained  frbm measurements 
taken  w ith  piok-up u n i te  3 . and 4, (Be© P i g ,43@45?47 and 49)* 
ilhis? however? i s  to  be expected s ince  th e  to r s io n a l  ampli­
tu d es  along th e  c ran k sh aft in c re a se  towards th e  f r o n t  end -  
(see f i g .  18) and? consequen tly , the  c ran k sh a f t jo u rn a l ?dXl 
Vi b ra te  o h l i  quely *
Under th e  d iscu ss io n  of f i r i n g  lo a d s ,  i t  was seen th a t  
th ese  3,oadB a lso  have some e f f e c t  on th e  m ip litu d es  measured 
between 1 ?700 E .P . l .  and 2?000 E.P.M.
f h i s  l a t t e r  e f fe c t?  however ? could be es tim ated  from th e  
lower speed end o f the  grsiphs and? b.b a r e s u l t  ? th e  e f f e c t  of 
th e  to r s io n a l  v ib r a t io n s  of the  crmUcshaft can be i s o l a t e d .  
Dimensions which correspond roughly to  th e  e f f e c t  o f the 
to r s io n a l  v ib r a t io n s  a:ee shown on th e  graphs *
I t  w i l l  now be assumed th a t  th e  am plitudes of th e  5th. 
and 7th* harmonics of the  jo u rn a l d isp laceraents  a t  th e  c e n tre  
of the  t e s t  b ea r in g  are  averages of th e  am plitudes measured 
on p ick-up  u n i t s  spaced syi^m etrically  about the  bearing  
centree This i s  tn ie  i f  the  jo u rn a l remains s t r a ig h t  
between the  p ick-up un its*
fhusp th e  5th* and 7 th * ham on ics  of the  jou rna l 
d isplacem ent a t  th e  cen tre  of the t e s t  b ea r in g  can be 
ob ta ined  from pick-xtp im i t s  1. and 3 ®? and from pick-up  u n i t s  
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I t  .shotî-ld notioecl th a t  5 s ince  h ea r in g  lo ad s  due to  
the  to r s io n a l  v ib r a t io n s  of th e  c ran k sh a ft a re  independent 
of th e  angu lar  p o s i t io n  of the  oremkshaft^ so should a lso  be 
th e  oorresponding cliaplacements^'^ ^
lie s u i t s  ob ta ined  on both  s e ts  of p ick-up  u n i t s  should 
th e r e fo r e  he the  same and^ consequently) they  can he 
averagedo
l?lg«50 a lso  g ives  v a lu es  f o r  th e  5th<, and 7 th* 
harmonics of the  jo u rn a l d isp lacem ent> as ob tained  from 
measurements o f th e  to r s io n a l  v ib r a t io n s  of th e  cranJxshaft 
th rough th e  t h e o r e t i c a l  a n a ly s is  c a r r ie d  ou t in  the  f i r s t  
main s e c t io n  of t h i s  t h e s i s .
C onsidering the  complexity of the  a n a ly e is ,  as w ell as 
d i f f i c u l t i e s  encountered in  experim ental work, the  r e s u l t s  
o f M g ,50 compare favourab ly .
( 1 ) See Page 57-
F i g . 5 0 .
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eoiOLïïaïoîis
Experim ental measurements of jo u rn a l displaoem ente 
show t h a t  a fo rc e  a n a ly s is  f o r  a  m u lti- th row  crankshaft^ 
t r e a t i n g  th e  c ran k sh aft as a continuous e l a s t i c  body simply 
supported i n  the  b ea r in g s  s w i l l  be v a l id  f o r  engines of 
normal b ea r in g  c le a ra n c e s? provided th a t  th e  loads  ap p lied  
to  th e  c rank shaft a re  l a r g e 5 o r vary w ith  a frequency wMch 
i a  much h ig h er  than  th e  frequency of r o ta t i o n  o f the  
c rankshaft *
Eor sm a lle r  loads? or very la rg e  b ea r in g  c learances? 
th e  d e f le c t io n s  of the  c rankshaft jo u rn a ls  in  the  bearings  
w i l l  be of importance? thus  d es tro y in g  th e  b a s is  f o r  the  
fo rc e  em alysis .
Since heavy c rank shaft loads  are  o f th e  g re a te s t  
p r a c t i c a l  importance? the  d iscussed  fo rc e  a n a ly s is  may be 
u s e fu l  f o r  design purposes.
PARiD I I
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Aa a ru le?  some a trea ae a  w i l l  always be p re se n t  i n  the  
components of an en g in eerin g  design a lthough  no a c tu a l  
working loads  a re  ap p lied  to  the system, fhese  are  s t r e s s e s  
which may be caused by th e  p rocess  o f m anufacture or method 
of aesembly and they  form a c h a r a c t e r i s t i c  f e a tu re  of the  
f ln ia h e d  ^arrangement, As such they w i l l  be r e f  erased to  in  
l a t e r  p a r t s  of t h i s  work as M nheront s tre s se s* ’? and they  a re  
defined  as the  s t r e s s e s  p re se n t i n  an assembly when a l l  
e x te rn a l  lo ad s  a re  equal to sero*
In  c o n tr a s t  to  the in h e re n t  s t r e s s e s  o f a system? 
s t r e s s e s  a c tu a l ly  caused by e x te rn a l ly  ap p lied  loads  w i l l  be 
c a l le d  ’’working s t r e s s e s ” .
The above c l a s s i f i c a t i o n  i s  convenient as i t  le a d s  up to 
-separate tre a tm e n ts  f o r  th e  a n a ly s is  of each of th e  component 
s t r e s s  systems? b ea r in g  in  mind th a t  the  r e s u l t a n t  e f f e c t  of 
a l l  s t r e s s e s  can be found afte rw ards  by means of superposi­
t i o n ,  I f  an eng in eering  arrangement fo llow s Hooke*s Law of 
E la s t i c i ty ?  the su p e rp o s it io n  of one s t ro e s  system on to
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an o th e r  may be c a r r ie d  out by simple add itio n?  and the  
r e s u l t a n t  e f f e c t  i s  accord ing ly  easy to  f in d .  When a 
d e s i ^  i s  worked beyond i t s  e l a s t i c  l im i ts ?  however, the 
problem of superimposing s t r e s s  systems im m ediately becomes 
much more complex and prox^er a n a ly s is  i s  o f te n  beyond the  
reach  o f  p r a c t i c a l  p o s s i b i l i t i e s .
B h r in k - f i t te d  AseemblieB) E la s t ic  ggid E la s t i c  Behaviour^
She above g enera l cob,s i  d e ra tio n s  w i l l  now be app lied  
to  a p a r t i c u l a r  case -  the  a n a ly s is  of a  s h r i n k - f i t t e d  
assembly loaded i n  to r s io n .
Where s h r i n k - f i t t i n g  i s  used i n  p ra c tic e ?  as? f o r  
in s tan ce?  i n  b u i l t  up cizankshafts, in te r f e ro n c e s  high enough 
to  cause p l a s t i c  flow  are  q u ite  common. Y ield must th e re ­
fo re  take  p lace  du ring  assembly and furthest y ie ld  i s  to  be 
expected vûien the components are  loaded by worldng e t r e s s e s  
a d d i t io n a l  to the in h e re n t  s troB ses.
Analyses a re  a v a i la b le  which w i l l  give the in h e re n t  
s t r e s s e s  ta k in g  p l a s t i c  flowr in to  a,coount^*^\ bu t to f in d  
the  r e s u l t a n t  s t r e s s  when a working s t r e s s  i s  superimposed 
on the  in h e re n t  s t r e s s  under th ese  co n d it io n s  i s  a problem, 
the  s o lu t io n  of which i s  h a rd ly  obtjrlnablQ a t  p re sen t  i n
r r r  r - r " " " 'f r T f —  ' - i  — ,    '— r m - ^ m  , r  T . i r r T f r - r '  n, n n - m ' r " M ,  T - w f m ,  , i * n — r n r r  n  n  n  r i - m , # m r  l - n  m
(1) On the  OverBtrainj,ng of Thick-walled C ylinders under 
I n te r n a l  F lu id  P ressu re  and under In te r f e re n c e  F i t  
P ressure?  by M.O.Oteele, (Thesis foar P h .jD^- a t  Glasgow 
U n iv e r s i ty ) , 1950.
p r a c t ic e  a
This paper im oonoerned mainly m lth the e f f e c t s  of 
to r s io n a l  loads  on s h r in k - f i t t e d  assem blies . I t  appears 
t h a t  even fo r  loads  below the  e l a s t i c  liBd.t of the  m©.terial? 
a complete a n a ly s is  of t h i s  problem has n o t y e t  been c a r r ie d  
o u t.  I t  has th e re fo re  been decided to  seek a s o lu t io n  f o r  
the  e l a s t i c  case f i r s t  befo re  any a d d i t io n a l  com plications? 
due to  p l a s t i c  flow in  the  l a a te r i a l? a re  brought in .
To o b ta in  a foundation  fo r  the  th e o re t ic a l ,  a n a ly s is  of 
th e  proceeding work? the  fo llow ing  asBUiaption has th e re fo re  
been madei- The r e s u l t a n t  s t r e s s  of the  s h r in k - f i t t e d  
assembly under load  does n o t  a t  any p o in t  exceed the  e l a s t i c  
l i m i t  of the  m a te r ia l  «
R esting  on the  above ass'umption? use oaxi now be made of 
th e  s im p l i f lc a t io n  th a t  th e  r e s u l t a n t  s t r e s s  due to  any 
number o f  Buperimposed s t r e s s  systems can be ob ta ined  by 
simple a d d i t io n .  There are  no e f f e c t s  c a r r ie d  from one 
s t r e s s  system to  any o th e r  and i t  i s  th e re fo re  f u l l y  j u s t i f i e  
to  t r e a t  each s t r e s s  system se p a ra te ly .  The fo llov/ing  work 
can th e re fo re  be concen tra ted  d i r e c t ly  on th e  e f f e c t s  of 
to r s io n a l  loads  on^a s h r in k - f i t t e d  assembly? and the only 
re fe ren ce  made to  the  system of in h e re n t  s t r e s s e s  i e  f o r  
o b ta in in g  the  s t re n g th  of the  g r ip  between th e  two sh rin k -  
f i t t e d  components.
150.
fhe Stolnk-Æ itted Assembly as an Inteagmittent Stage between
a P la in  S haft and a  S o lid  Shaft vüith a  Coll a r .
ri0. |in** i gn.riiir w rp m n ^Ti i-iini-fiviTiiiiii|irm iwniiiw rf«n-'-in~‘i"f"'Ufri''-r--"fr-*i‘- - r —~ " r - .- " '- ^ *  II--  ' "-—'i """""  ■
Some g en m m l o b se rv a tio n s  on tw ie te  o f  ehriaalc-fitted  
aosexablieB may be q u i te  u s e fu l  before  the  a n a ly t i c a l  work 
oil the same problem i s  s ta r ted *
Let U0 co n s id e r  a hub f i t t e d  to  a  p la in  s h a f t  ae shown 
i n  fig^Sij and assume i n  th e  beginning th a t  th e  in te r f a c e  
g r ip  between the  hub and th e  sh a f t  i s  very  l ig h t*  The 
asseBibly, when loaded  i n  to rs io n ?  w i l l  then  behave very  
n e a r ly  as  I f  th e  hub were no t th e r e ,  The s h a f t  w i l l  tw is t  
l ik e  an u n re s t  r io te d  p la in  sh a f t  and th e  hub v id ll remain 
n e a r ly  undeflec ted*  This i e  only p o s s ib le  i f  s l i p  tak es  
p lace  a t  the  in t e r f a c e  between the  hub and th e  shaft*  
Reversing the  argument ? i t  may be s ta te d  th a t  s l i p  ta ltes 
p lace  because th e  components behave ae desc rib ed  above*
I t  should a lso  be observed th a t?  s ince  the  sh a f t  
behaves approxim ately  as a p la in  u n r e s t r i c te d  shaft?  th e re  
w i l l  be no s t r e s s  co n cen tra tio n s  along i t s  le n g th .
Let us now co n s id e r  a s e r ie s  of s h r in k - f i t t e d  assem blies  
of su c c e ss iv e ly  s tro n g e r  in te r f a c e  grip* The hubs w i l l  then  
more and more tend  to  fo llo w  the  s h a f ts  as they  tw is t  bu t 
a lso  to  r e s t r i c t  them and thereby  make th e  assem blies s t i f f e r  
The s l i p  w i l l  become sm alle r  and sm alle r  as th e  g r ip  between 
the  m ating su rfa c e s  in c re a s e s ,  and? a t  th e  same time ? i t  i s
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l i k e l y  th a t  th e  r e s t  r i o t i n g  e f f e c t s  of th e  hubs on th e  s h a f ts
w i l l  s e t  up a t r e a e  concentrationB  i n  th e  s h a f t s  a t  th e  corner
f 1 ^where they e n te r  the  h u b s ' ,
Theore11o a l l y ? t h i s  process may be continued u n t i l  the  
g r ip  between the  sh a f t  and the  hub has become p e r fe c t ly  s o l i d , 
In  o th e r  words? t h i s  means th a t  th e re  m i l  be no s l i p  over 
th e  m ating su rfa c e s  of th e  s h r in k - f i t t e d  assembly when loaded 
i n  to r s io n  and ? consequen tly? i t  behaves l i k e  a s o l id  shaft*
Again? i t  w i l l  be observed th a t  th e  above argument can 
only be ap p lied  when the assembly i s  s t r e s s e d  w ith in  i t s  
e l a s t i c  l im its*
Based on th e  above argument? a n a tu r a l  a n a ly t ic a l  
approach to th e  problem of a s h r in k - f i t t e d  assembly loaded 
in  to r s io n  can now be o u tl in e d  as follows*
The s h r i n k - f i t t e d  asseBibly i s  i n i t i a l l y  considered  as a 
s o l id  sh a f t  w ith  a c o l l a r  and the  s t r e s s  d i s t r i b u t i o n  r e s u l t ­
in g  from a pure to rque  i s  f o u n d * This tre a tm en t g ives 
c e r ta in  v a lues  f o r  a shear s t r e s s  which would occur over the  
m ating su rfa c e s  of the  s h r in k - f i t t e d  assembly i f  no s l i p  took
place* This shear s t r e s s  i s  compared w ith  the f r i c t i o n
(1 ) lo  papers have been found d ea lin g  w ith  s t r e s s  concentra­
t io n s  in  s h r i n k - f i t t e d  assem blies loaded in  to rs io n ?  but 
f o r  th e  same e f f e c t  in  bending s e e 3-  F atigue of Shafts  
a t  f i t t e d  Members w ith  a Belated P h o to -e la s t ic  Analysis? 
by B,.E*Peterson and A,M*Wahl* Trans, A . E .  1955?
V o l.57? p . 5 5 9 ,
(2 ) The s o lu t io n  o f th e  to r s io n  problem f o r  c i r c u la r  s h a f ts  
of v a ry ing  diameter? by A,Thom and J,Ori% P ro c *Boyal 
s o c ie ty  of London? ser,A , v o l . 131 ? 1931? p . 3 0 ,
132.
fo rc e  p e r  im i t  a rea  which aotualXjr e x i s t s  i n  th e  sh rin k -  
f i t t e d  assembly and, where th e  shear s t r e s s  exoeeds the  
f r i c t i o n  fo rc e ,  i t  i a  as aimed th a t  s l i p  ta k es  place* B lip  
l im i t s  th e  maximtm value  of th e  shear s t r e s s  which occurs 
over th e  m ating su rfa c e s  to  a value given by th e  f r i c t i o n  
grip* The c o e f f i c i e n t  o f f r i c t i o n ^ ^ \  th e  normal p re ssu re  
and th e re fo re  th e  f r i c t i o n  g r ip  a re  assumed to  he known f o r  
t h i s  p a r t i c u l a r  problem* The f r i c t i o n  g r ip  may th e re fo re  
be in tro d u ced  as a boundary co n d itio n  over th e  mating su rfa ce s  
where s l i p  ta k e s  p lace  and the  oorresponding s t r e s s  d i s t r i b u ­
t io n ,  which i s  th e  a c tu a l  s t r e s s  d i s t r i b u t i o n  i n  the  sh r in k -  
f i t t e d  assembly? may be f o u n d ,
This concludes th e  genera l d isc u ss io n  of to r s io n a l  lo ad s  
on s h r in k - f i t t e d  assem blies^ The aim of t h i s  s e c t io n  of th e  
ch ap te r  i s  to  survey th e  p h y s ica l f e a tu r e s  o f the  problem and 
i t  i e  hoped th a t  a  s u f f i c i e n t ly  c le a r  p ic tu r e  has been 
e s ta b l i s h e d  to  fomi a r e l i a b l e  background f o r  th e  a n a ly t i c a l  
work*
(1) Erhoeung des H aftbeiw ertes bel Bohrumpfpaesungen, by 
IPoWenoko E n g lish  Abs* in  Engineers Digest? v o l^ lg ,  
m% 1, 1952, p, 13-15»
(2) (Theory based on Lame^s Eq* covers th e  e l a s t i c  c a se .)
(3) T ransM seion  of to rq u e s  by mean.s o f  p re ss  and sh rin k -  
f i t s ,  by JoW$Laugher? Trans* A.S*M*E« 1931 ? v o l . 53? 
MoB.E* 5 3 - 1 0 ,  p
In  th e  d isc u s s io n  of t h i s  paper John la n s a  suggests  
a  s im i la r  procedure.
The th e o r e t i c a l  a n a ly s is  of a e h r in k - f i t t e d  assembly 
given i n  t h i s  chap te r  w i l l  fo llow  a procedure common to  
most problems of t h i s  na,ture*
F i r s t  o f a l l  the  problem i s  defined  mathema.tioally as 
a d l f f e r e n t l a l  equation  w ith  s u f f i c i e n t  boundary c o n d it io n s . 
This work has a lread y  been c a r r ie d  out f o r  a  s o l id  sh aJ t of 
Varying d i a m e t e r a n d  only s l i g h t  m o d if ic a t io n s  are  
req u ired  f o r  s h r i n k - f i t t e d  assem blies *
The second s tage  i s  to  o b ta in  a m athem atical s o lu t io n  
to  th e  problem* Again? the  method employed i s  very  s im i la r  
to  th a t  ap p lied  to  a s o l id  sh a f t  and? s in ce  no genera l so lu ­
t i o n  i s  avai-lable? a s e r i e s  of num erical s o lu t io n s  were 
cetrried out* The o h a r a o te r i s t i c s  of s h r in k - f i t t e d  assem blies  
of Varying f i t s  a re  th u s  obtained  i n  terms of num erical v a lu es  
f o r  th e  most convenient mathematioal funotiora.
The f i n a l  s tag e  c o n s is ts  of b r in g in g  th e  r e s u l t s  of the  
above-mentioned num erical c a lc u la t io n s  in to  a form which 
re v e a ls  the  p h y s ica l  o h a ra o te r i s t io a  of th e  problem* f o r  t h i s  
purpose? th e  d es ired  c h a r a c t e r i s t i c s  have been expressed by 
formulae which a re  based on the num erical work*
(1) The Mathematical Theory of E la s t ic i ty ?  by A.E.H^Lovo. 




The d i f f e r e n t i a l  equation  w ith  boundary con d itio n s  f o r  
a a h r in k - f i t t e d  assembly loaded in  to r s io n  may be swjimarised 
as follows*
Let us co n s id e r  the sh riax k -fit ted  assembly shown in
f ig c 5 1 . from g enera l theory  of e l a s t i c i t y  ? the  d i f f e r e n t i a l
eq u a tio n  w ith  i t s  boiiindary co n d itio n s  f o r  a s o l id  assembly
f 1 )may be s ta te d  as fo l lo w s ' ^
D i f f e r e n t i a l  equations
0%r
Boundary co n d itio n s  g
Oïl A-B-0--D y
II nil [I
Oï: , where \(, I s  a oonetaa-b
On E-D y  -  0 .
tt-BH.iwiri J t mir m itJiiid
0“ F-A = -UmJcI»  where  ]<L. i s  a ooiistanl;
!Che s tr e s se s  ooQurrlag in  the assembly are as shown in  
F ig . 52. Ihey are y e lated  to the funotlon  V  of the
d i f f e r e n t i a l  eq ua tion  by the  fo llow ing  two equationes»-
V dr àx  ^ . . .  54
C' Æ .  4 ^r* J r _________________  . . .  65
r* èX.   . . .  66
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S T R E S S E D  ELEMENT
Ï03? th e  aseemhly m . a d d i t io n a l  co n d it io n
n o t  reg u lred  f o r  th e  a o l id  caae must he f u l f i l l e d  ^  I t  may 
l a  eW ted  ae fo llow er fhe ohear r te e s e  over th e  m ating 
gm.'faoee ommot exceed th e  pro&aot o f  th e  o oefflo len .t  o f  
f r lo t io m  miâ th e  w rm e l p re s s  w e .
Wmirtlmg f o r  th e  ooefflo iem t o f  f r i c t i o n ^  &mâ
f o r  the  %iormml preaaixrei. th e  M d l t lo n a l  o o a d l t lo a  over th e
metimg gmrfaeeiB w i l l  ho#-
,,,  ........ -  - - 9r_. ^      ^  ^ 6 t
I t  ehould he remembered th a t  th e  d i f f e r e n t i a l  eq u a tio n  
s ta te d  above l e  only  v a l id  f o r  e o l ld s  o f  r e v o lu t io n  « An 
e s o a n t ia l  ooBdition f o r  th e  e lir iW c-fltted  aeaembly i a  there«^ 
f o r e  t h a t  th e  produot o f  th e  ooeffia iom t o f  f r lo t io m  and th e  
normal p re s s u re  l a  imdepeadent o f  an g o la r  p o s i t io n  rcnmd th e  
m ating  ourfaooB.
Agalm^ i t  w ill  be a eomreniemt etartlm g po in t to  survey 
methods av a ilab le  f o r  the study of so lid  sh a fts  » %heae may 
be l i s te d  as follow s
1* Approximate ©ymbolle ©olutlome ^   ^ *
1 » ÈfetliOïl tlefolopecl h j  1?.A»®,ii©5?S5 SerltsetoAf Jiatliem.UtHiys 
■?ol«55> p .225» 15)0?; Se® als^S"- àppllfââ E la s t ic i ty  t y  
f îu o B h B tû m  a m ï  üeaeolis» p . 3 5 .  
â„ ŸMïti. fOï‘t35.Qap3?oM.œi der afegesetBea Welle fsaâ aaclerer 
isllsîaÆotmesi de» îïJssciiiaeBtetiess vom Kafiolï Soaatag. 
îtertcl 34, Jait./Beb. 1954, p . 19,
136.
2. Numerical Bolutiona baaed on the  **relaxation 
method** ^ .
3$ S o lu tio n s  based on p h y s ica l measurements taken  on 
analogous systems $ u s u a l ly  e l e c t r i c a l  s y s t e m s *
4  ^ P h o to -e la s t ! c  a n a ly s is .
Kach of the  above methods has i t s  own p a r t i c u l a r  
advantages such as g e n e r a l i ty ,  accuracy and speed. She 
im portan t c |uestlon, however, f o r  our p a r t i c u l a r  case i s  
what i s  the  b e s t  method f o r  ta c k l in g  th e  s p e c ia l  f e a tu re  of 
a s h r in k - f i t t e d  assem bly, the  d i f f e r e n t i a l  s l i p  over the  
m ating su rfaces?
$he r e la x a t io n  method i s  w ell known f o r  i t s  s t r e n g th  in  
ta c k l in g  a v a r i e ty  of boundary co n d itio n s  and, as i t  w i l l  be 
seen l a t e r ,  i t  can e a s i ly  deal w ith s l i p .  Oîliis f e a tu re  
favoured method 2« and i t  was decided to  tai^e th e  heavy 
burden of num erical computation wirioh i s  involved*
file use  of r e la x a t io n  methods f o r  th e  s o lu t io n  of p a r t i a l  
d i f f e r e n t i a l  equations i s  so common today th a t  i t  i e  hard ly  
n ecessa ry  to  e la b o ra te  upon the  p r in c ip le  of th e  methodo
Pig«. 53 g ives an a r b i t r a r y  p o in t i n  the  r e la x a t io n  n e t  
used and Pig* 34 the  r e la x a t io n  p a t te rn -d e r iv e d  f o r  our
(1) see Footnote  on Page 131 *











f1 )d i f f e r e n t i a l  equation^
$he mimerical work hae been Oarried ont f o r  an arrange* 
ment s im i la r  to  t h a t  shown In  Pi go 51 fhe Tipper h a l f  of 
th e  aaeembly was d iv ided  in to  a mesh as shown i n  Pigo55t»
In  cleoiding the  e lse  of th e  scjuares; I t  v/as n ecessa ry  to  
compromise between the  lab o u r involved and th e  accuracy 
obtained»
Six d i f f e r e n t  oases of vary ing  v a lu e s  f o r  th e  r a t i o  of 
f r i o t l o n  g r ip  to  nominal sh a f t  s t r e s s  være worked out and 
thé  f in is h e d  r e la x a t io n  n e ts  from th ese  c a l c u l â t ! onr  ^ a re  
given i n  Appendix ?»
The e f f e c t s  of v a ry in g  f i t s  on the  c h a r a c t e r i s t i c s  of 
a s h r i n k - f i t t e d  assembly are  thus  displayed»
(1) Numerical Methods of Analyses i n  E ngineering  by 
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BBHXTO3) HBSÏÏMSs
l a t  ro on %
From a m athem atioal p o in t  of view? complete m im erical 
Bolutiona f o r  v a r io n s  ahrlnlc-f 1 11 ed asaem bllea loadeci i n  
to r s io n  were obtarlned throngh th e  work of th e  previous 
s e c t io n  and p resen ted  i n  Appendix V^  The r é s u l t a  ^ howevers 
as they  appear on the  r e la x a t io n  n e ts  a re  r a th e r  u n in te l l ig - -  
i b l e  and f u r t h e r  development i s  th e re fo re  req;mred to  re v e a l  
the  Im portan t p h y s ic a l  f e a tu re s  of th e  problem.
R eturn ing  to  the genera l d iscus  s i  on, i t  w i l l  be remem­
bered t h a t  th e  th re e  o h a r a c te r i s t i c s  o f  a s h r in k - f i t t e d  
aBsemb3.y w ith  which we are  p r im a r i ly  concerned are  th e  
t o r s io n a l  s t i f f n e s s 9 the  damping oa.paeity and th e  s t r e s s  
c o n c en tra t io n s  «
Each of the  th re e  above a sp ec ts  w i l l  now be t r e a te d  in  
tu rn  i n  o rd e r  to  derive  r e s u l t s  of g r e a te r  paractloal 
s i  g;gd.fi canoe «
to r s io n a l  S t i f f n e s s :
f o r s io n a l  s t i f f n e s s e s  are  mainly of i n t e r e s t  i n  oonneo* 
t i o n  w ith  c a lc u la t io n s  of n a tu ra l  f re q u e n c ie s  and c r i t i c a l  
speeds of c ran k sh aft systems and a v a i la b le  l i t e r a t u r e  
co n ta in s  a number of p u b lic a t io n s  vtj'liich dea l w ith  t h i s
159^
problem genera lly^^^  *
file au th o r  ÿ however ? l a  no t aware of any tre a tm en ts  
which a re  given p a r t i c u l a r l y  f o r  s h r i n k - f i t t e d  d e s ig n s<> I t  
i s  th e re fo re  thought th a t^  a lthough the  a n a ly s is  p resen ted  
a p p l ie s  s t r i c t l y  to  a s im p lif ie d  casoj the  r e s u l t s  may prove 
to  he of some i n t e r e s t  to c rankshaft designers^
d e f i n i t i o n s -  fhe  t o r s io n a l  s t i f f n e s s  between se e tio n e  of
euWwtV<^nihCTï5*' i^*wirc,a«
body i s  defined as th e  torque req u ired  to  t m s t  one 
s e c t io n  one r a J ia n  r e l a t i v e  to  the  otlier? i«e,,
i
e o f e ç û o o e
I t  a lso  fo llo w s from d e f in i t io n  t h a t s -
where
I f  %, smd are  the 0 -coordinates a of the  two s e c t io n s  
between which i t  i s  d e s ired  to  f in d  th e  tw is t  ? the i n t e g r a l  
must he tak en  between th ese  two l im i t s  and, consequently , 
éq ua tion  69 beoom.ess-
‘i  I d x  . . . . . .  V .  70
(1) M e Reduktion der Eurbelkropfung. fi. VDI, s»601, 1925 
by SeelBiarnio
(2) f o r s lo n a l  V ib ra tio n . London. 1934? by W^A^fuplin.
(3) See fo o tn o te  1. Page 133^
140.
f o r  th e  assem blies under c o n s id e ra t io n , i t  i s  p re fe ra b le  
to  work along the  rad iu s  T = , which i s  the  ra d iu s  of
th e  mating su r fa c e s .
Also f o r  num erical computation, i t  i s  convenient to  work 
i n  terms of s t r a i n  r a t i o s  r a th e r  than  th e  s t r e s s  fu n c t io n  as 
given by th e  r e la x a t io n  n e t s .  A conversion w i l l  th e re fo re  
be n ecessa ry .
from th e  boundary cond itions  we o b ta in : -
 _______________
and hence a t  the boundary p o in t A.
______ % r  == 4    71
Making use of equation  (65), the  a x ia l  shear s t r a i n  a t  
a ra d iu s  can be expressed a ss -
_  -  4 ?  I t ..................................72
where i s  th e  s t r a i n  r a t io  f o r  the a x ia l  shear s t r a in s
a t  a ra d iu s  ^  » .
Also from equations  (65) and (71) we o b ta in : -
 __________e    73
and %% may th e re fo re  be expressed as
 _______________a  A r   74
Making use of equations (72) and (73) and p u t t in g
^  , equation  (70) may now f i n a l l y  be w r i t te n  a s : -
141.
i -  - # 1 ^ . ( 1 % .   75
%4
The ’borq.ue applied, to  the assenihlj may he expreeeed 
±n terms of the nominal shear s t r a in s -
t ^ ï € q c
mid g making uee of equation  (73)? the  ahove equation  may 
he r e w r i t te n  m t -
T  ^  ZTOY. . . . . . . . .  76
F in a l ly ;  th e  to r s io n a l  B tif fn ese  of th e  e h r in k - f i t t e d  
aeeemhly oan he found hy raakxng use  o f  equa tions  (75) and 
(76) i n  eq ua tion  (6 9 ) s-
C  r»»-
Z  I < i « i b o « e a o 77
Mujnerioal c a lc u la t io n s  are  given in  Appendix Y,
D if f e r e n t i a l  Blip and Damping Oapacitys
The au thor i s  unaware of any prev ious i n v e s t i ga/bion,s 
o f  the  damping cap ac ity  of a s h r in k - f i t t e d  assembly.
I t  has been n o tic e d  th a t  h u i l t - u p  c ran k sh a f ts  g e n e ra lly  
provide more dmaping f o r  the  to r s io n a l  v ib r a t io n s  than  s o l id  
fo rg ed  c ran k sh a f ts  and one X^aper male es a d i s t i n c t i o n  between 
the  two types  i n  i t s  c l a s s i f i c a t i o n  of dmuping measured on 
a c tu a l  engines \  I'o explanation^ however? i s  given to
(1) Daempningen vecl. Torsi onssvingninger i  lùrumta p a k s ie r? 
af  Per Draminsky* Byt Mordisk P o rlag . Arnold Busok« 
Ejjgfbenhavn 1947*
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show where the  e x t r a  damping in  b u i l t - u p  c ran k sh a f ts  comes 
from.
I f  d i f f e r e n t i a l  s l i p  ocoure between the  m ating su rfac e s  
of a s h r i n k - f i t t e d  assembly loaded i n  to rs io n ?  as assumed fo r  
th e  purpose of th e  t h e o r e t i c a l  a n a ly s is  p re sen ted  in  t h i s  
chapter? energy d i s s ip a t io n  w i l l  be a n a tu r a l  consequence.
D i f f e r e n t i a l  s l i p  may th e re fo re  be re sp o n s ib le  f o r  th e  
in c rea se d  damping which i s  a genera l c h a r a c t e r i s t i c  of 
b u i l t - u p  c ra n l tsh a f ts .
Follow ing t h i s  l i n e  of thought ? an a n a ly s is  wi3-l now be 
made of the  p o s s ib le  energy d i s s ip a t io n  over th e  rubbing su r­
fa c e s  and? f in a l ly ?  c o n s id e ra t io n  i s  given to  th e  damping 
cap ac ity  o f a v ib r a t io n a l  system co n ta in in g  s h r i n k - f i t t e d  
assem blies .
Statem ents'- At any r a d ia l  c ro ss -sec tio n ?  th e  d i f f e r e n t i a l  
s l i p  between the  mating su rfaces  o f a s h r in k - f i t t e d  
assembly i s  equal to the  d if fe re n c e  between the  to r s io n ­




— & === ( ( e .* k d z  — j(e»x)nAx . . . . . . .  78
■%\ %,
fflhe range o f in tég ra tio n  -  from 2 .  to 2 ,  - i s  now 
the e n tir e  range over which d if fe r e n t ia l  s l ip  ooonrs.
143,
Equation  (78) may be re w r i t te n  i n  terms of s t r a i n  
r a t i o s  a s 2-
C j ^auH^dx   » * * » & « « 79
%ror
/ %A
^  Kza 1 \  %3LS»"^  Q Û « 9 0 c t, 80
At t h i s  stage? i t  w i l l  be aonvenient to  in tro d u ce  the  
symbol _^QT f o r  the  r a t i o  of the f r i c t i o n  g r ip  to  the  
nominal s h a f t  s tre s s?  l* e .
81
To o b ta in  the energy d is s ip a t io n  over th e  rubbing 
su rfaces?  l e t  us  conside): an elem ental r in g  of le n g th  5%.
I I   . . . . . . . . . .
taken from the s h a f t  surf8.ee.
The a re a  of t h i s  r in g  equals  g-
5 a  2 T R ^ ^ z
Mailing use  of equa tion  (81)? the f r i c t i o n  fo rc e  on the 
same r in g  may be w r i t te n  a s s -
2TR.O ^(3reQ X
Maîclng use of equation  (79)? the work done by the 
e lem ental f r i c t i o n  fo rce  over th e  corresponding s l i p  v d l l  be 
g iven byg-
_ 5 w  -  . . . . . . .  82
Equation  (82) a lso  re p re se n ts  th e  energy d is s ip a t io n  per
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q u a r te r  cycle  of v ib r a t io n  f o r  the  e lem ental r in g .  M ulti­
p ly in g  by fo u r  and in t e g r a t in g  over th e  whole rubbing area? 
ioOfr from. to  ~7x ? we a r r iv e  a t  the  t o t a l  energy
d is s ip a t io n  p e r  cycle i n  th e  s h r in k - f i t t e d  assemblyg-
For p r a c t i c a l  t e s t  purposes? energy d i s s ip a t io n  in  
v ib r a t io n a l  systems i s  expressed most oonvenien tly  i n  terms 
of percen tage  damping.
Def i n i t i o n : -  She percen tage  damping of a v ib r a t io n a l  system 
i s  defined  as th e  r a t i o  of th e  lo s s  o f energy of the  
systemi i n  one h a lf -c y c le  to the  energy of th e  system a t  
th e  commencement o f th a t  h a lf -c y c le ?  the  system being  
su b jec te d  to  t r a n s i e n t  v ib r a t io n s .
Let i t  now be assumed th a t  the  s h r i n k - f i t t e d  assembly 
forms a p a r t  o f  a  v ib r a t io n a l  system of maximum v ib r a t io n a l
energy -E.. where*»
£  ™ G34e*'Aî?i^
In  t-he above equation? i s  the  p o la r  moment of 
i n e r t i a  o f  a sh a f t  azid 4  th e  le n g th  of th e  same s h a f t
J L  “ ana E _  may aeoordlngly be
expressed  as$-
____________________________________   . . . . . . .  84
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From equations (63) and (84)? the  percen tage  damping 
ay now be found f o r  t h i s  p a r t io u la r  v ib r a t io n a l  system s-
l<boocr
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®umerlca3* examples oorresponding to  th e  above s e c t io n  
a re  given in  Appendix T.
The au th o r  i s  no t aware of any s tu d ie s  which have been 
made o f  s t r e s s  concent r a t i  ons o ccu rrin g  i n  s h r in k - f i t t e d  
assem blies loaded i n  to rs io n *  In  t h i s  p a r t i c u l a r  respec t?  
however? s h r i n k - f i t t e d  assem blies are  very  similasz to  s o l id  
s h a f t s  and? a f t e r  th e  s t r e s s  fu n c tio n  has been found? th e  
same methods apply i n  d e r iv in g  the  s t r e s s  c o n c e n tra t io n s .
From g en era l theo ry  of e l a s t i c i t y ?  i t  nan be shown th a t  
th e  r e s u l t a n t  shear s t r e s s  a t  any p o in t  i n  an assembly? which 
complies w ith  our cond itions?  may be expressed
1
The above equation  can be re w r i t te n  i n  terms of s t r a in  
r a t i o s  a s : -
   ■ - I II -   T--------------------- 11—imiTn P-i "  , 8 7
where Ua. i s  ohtained from equation (7 4 ) and, using
(1 ) See Eeferenoe 2. Page 131
'5
— -------------------------—i^jT----- —r^ iT—rrn n ttihi -|imnnin mtri v , , i^ "" ^ TirinV.IM» .Xniimcmn i.~>
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equations  (66) and (7 3 )s we o b ta in s -
d r
From in s p e c t io n  of th e  r e la x a t io n  n e ts  in  Appendix‘T? 
i t  oan be seen th a t  th e  maximum s t r e s s  oonoen tra tion  occurs 
i n  th e  corner where th e  s h a f t  e n te rs  th e  huh. I t  i s  th e re ­
fo re  only n ecessa ry  to  in v e s t ig a te  t h i s  p a r t i c u l a r  p o in t a
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î t  #111 be remem'bered from the  g en era l d ieoueeion  how 
the  aeenmption th a t  a l l  B treseee had to  he w ith in  the  e l a s t i c  
liivd t of th e  m a te r ia l?  was made to  form a r i g i d  foundation  
f o r  th e  a n a ly t i c a l  work*. fhe  v a l i d i t y  o f t h i s  assumption 
Gan now he judged from an examination of th e  s t r e s s  concentra­
t io n s  oo eu rrin g  i n  th e  8 h r in t> f l t t e d  assemhlyo
F ig#57 shows th e  v a r i a t io n  of the  s t r e s s  co n cen tra tio n  
f a c t o r  f o r  th e  s h a f t  a t  the  co m er where i t  e n te r s  th e  hush 
p lo t t e d  v e rsu s  th e  r a t i o  of nomilnal s t r e s s  to  f r i c t i o n  grip* 
When a s h r i n k - f i t t e d  assemhly i s  g rad u a lly  loaded i n  to rs io n ?  
t h i s  l a t t e r  r a t i o  in c re a se s  l i n e a r ly  w ith  th e  s h a f t  s t r e s s .
At the  same time th e  s t r e s s  co n cen tra tio n  f a l l s  r a p id ly  from 
in f in i t y ?  hands o f f  and f i n a l l y  tends aeyo ip to tioa lly  to  one? 
as w i l l  he seen from, the  graph. The maximum s t r e s s  i n  the 
assem-hly due to  ap p lied  to rque w i l l  th e re fo re  fo r  low va lu es  
he c o n s id e ra l ly  g r e a te r  than  th a t  f o r  a p la in  shaft?  hu t w i l l  ? 
as th ey  hoth  in c rease?  u ltlm m tely  tend to  th e  same value#
I f  th e  in h e re n t  s t r e s s e s  of th e  s h r i n k - f i t t e d  assembly a re  
reasonab ly  w ell below the  y ie ld  point? i t  i s  th e re fo re  
j u s t i f i a b l e  to  assume t h a t  th e  e l a s t i c  l i m i t s  a re  no t exceeded 
even f o r  com paratively  h igh loads i n  t o r s i  on.
We w i l l  now d i r e c t  our a t t e n t io n  to the  second fundament­
a l  assum ption auade f o r  th e  th e o r e t i c a l  an a ly s is?  namely th a t
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d i f f e r e n t i a l  s l i p  tak e s  p lace  between the  m ating su rfaces  
of th e  hub and the  s h a f t ^  #
I t  w i l l  be seeaa from the graph of t h i s  s l i p  p lo t te d  
a g a in s t  the  r a t i o  of th e  nominal s t r e s s  to  th e  f r i c t i o n  g r ip  
i n  F i g ,96? t h a t  i t s  siagnltude v a r ie s  from gîero and up to  
#0003 i n .
Great p r a c t i c a l  d i f f i c u l t i e s  vmuld th e re fo re  be 
encountered i n  ta k in g  experim ental measurements of t h i s  s l ip ?  
and? consequently? f o r  experim ental BUppo3?t? i t  w i l l  be 
n ecessa ry  to  3*ook f o r  a more convenient approach#
Let us th e re fo re  consider  th e  graph of s t i f f n e s s  v e rsu s  
th e  r a t i o  of noM nal s t r e s s  to  f r i c t i o n  g r ip .  This graph 
shows th a t  t h e o r e t i c a l l y  th e  s t i f f n e s s  d ecreases  w ith  in c re a s e  
i n  nominal s tr e s s ?  o r  app lied  torque? f o r  any p a r t i c u l a r  
s h r in k - f i t t o d  assem bly.
E x p er im en ta l r e s u l t s  obtained by EubboII^ ' and 
LavidBon^'^^ show? a s im i la r  tendency.
Carrying out experim ental work on cranks? R usse ll  found
t h a t  of g eo m e tr ica lly  i d e n t i c a l  t e s t  specimens? th e  sh r in k -
(1) Bee Page ( 150)0
(2 ) R ussell?  R. -  «^Experimeaital S tud ies  on Crankshaft
S t if fn e ss#  " -  Journal of ? Glasgow? Vol.IV*
1937-40, Page 467,
(3) Davidson? -  "B hrink-P it S t re s s  Systems i n  B u i l t
C rankshafts , Phol), Thesis? Glasgow D'nivereity? 
1951. (Bee F ig , 44? 45? 46 and 4 7 0
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f i t t e d  specimena were more f le x ib le  than  th e  s o l id .
Also working w ith  oranks? Davidson ob ta ined  to rque  
d e f le c t io n  curves f o r  s h r in l^ - f i t te d  designs? and th e se  
curves show a  c le a r  decrease  i n  s t i f f n e s s  w ith  in c reased  
to rque  *
F u r th e r  experim ental s tu d ie s  of th e  s t i f f n e s s  of sh r in k -  
f i t t e d  assem blies  might consequently give conclusive  support,
Hov/ever? an even b e t t e r  b a s is  f o r  experim ental work i s  
found i n  the  study of percen tage damping,
F ig»57 shows th a t  our th e o r e t i c a l  work, which i s  r e la te d  
to  a simple v ib r a t io n a l  system co n ta in in g  a s i r r ln k - f i t t e d  
assembly? p r e d ic t s  damping up to f i f t e e n  per cen t.
Percentage damping of t h i s  o rder can e a s i ly  be measured 
i n  p r a c t ic e  and hence i t  was decided to  d i r e c t  our f u r th e r  
a t t e n t io n  towards t h i s  s ide  of the  problem.
«tobtîtirrt-'S2«5it3<TiWWfti^ÿ;»Xj«?>RxS?g6y.aivy«r^,»iW>»««lNl5aitar^to
150
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HELAÏ32D 3)0 SHRÏHE-FIl'æEI) ASSEIJHES.
çt^-'««>6U tB élRtrt=W S^sa5ÿT.tt£3!a«rv=K«trtW (isa<»5*B««^»5:»«to»t«;>iteirS5iitext3yT2V >».>ttwA tX *:îM i>*.^
In tro d u c tio n *
fSKKftytUS.* t^ ^TriTC«V5K25tttiHI«ri lwtWe4W&tJWXtn%ÿ#
I t  w i l l  be remembered from the p rev ious chap ter  th a t  a 
b a s ic  as sump t l  on i n  the  th e o r e t i c a l  a n a ly s is  im p lie s  the  
occurrence of d i f f e r e n t i a l  s l i p  between th e  hub and th e  
s h a f t  o f a - s h r in k - f i t te d  assembly loaded i n  to r s io n .
Further?  i t  wae found th a t  in v e s t ig a t io n  in to  the  
d i s s ip a t io n  of v ib r a t io n a l  energy caused by t h i s  s lip ?  would 
provide s u i ta b le  experim ental t e a t s  supporting  th e  t h e o r e t i ­
c a l  work*
To d e f in e  our aim i n  t h i s  chapter? we w i l l  th e re fo re  
maîce th e  o b je c t  o f  the  experim ental work? which c o n s is ts  of 
th e  measurement of damping capacity? the  proving  of the  
ex is te n c e  of t h i s  d ifferen tiaJ .. s l i p .
The work? however? w i l l  a lso  be extended f o r  the  purpose 
of s tudy ing  th e  e f f e c t  o f d i f f e r e n t i a l  s l i p  on th e  c o n d it io n s  
of th e  m ating surfaces?  and t h e i r  mutual c o e f f i c i e n t  of 
f r i c t i o n ,
Since energy d i s s ip a t io n  between the  mating su rfa ce s  of 
a s h r in k - f i t t e d  assembly i s  a newly d iscovered  phenomenon ? 
th e re  i s  no a v a i la b le  l i t e r a t u r e  d e sc r ib in g  experim ental gear
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Sesigiaed spooifioaX ly  f o r  th e  study of tM a  e f f e c t .  However? 
experim en ta l i n v e s t i  g â tio n s  have been o a r r ie d  out on a 
c lo se ly  r e la te d  problem. Many au tho rs  have described  
appara tu s  designed f o r  th e  study o f  i n t e r n a l  d a m p in g ^  and? 
i n  th e  design  of our experim ental gear? advantage was taken  
of t h e i r  experience ,
M. s t o r i  oal Levelopaient.
A sh o r t  h i s t o r i c a l  summary w i l l  now be given of 
experim ental works on in t e r n a l  damping.
Since our problem i s  confined to  th e  e f f e c t  o f to rq u es  
on s h r i n k - f i t t e d  assem blies? t h i s  emmary w i l l  be l im i te d  to  
t e s t  arrangem ents u s in g  specimens loaded in  to r s io n ,  Thus? 
only a few of th e  t o t a l  number of papers on in t e r n a l  damping 
w i l l  be m en tioned.
P e r t ^ ( ^ \  i n  1928? was among th e  f i r s t  in v e s t ig a to r s  to  
make s u b s ta n t i a l  headwa,y w ith  th e  problem o f  damping oapac ity
U /T \
Of metals* Later? i n  c o l la b o ra t io n  w ith  Foppl^^ '? he 
designed an, ap para tu s  which? f o r  many y e a rs ,  became the
s tand ard  machine f o r  t h i s  type o f t e s t i n g .
(1) Also c a l le d  ^'material h y s te r e s i s  damping^^
(2 ) PartspEe -  '’ixle Bestimmung der Baustoffdampfmg^*
n
(ViBweg 1928)
(5) Fopgl -  "$he P r a c t ic a l  Importance of Danipiag Oapacity 
I n  M eta ls , e s p e c ia l ly  S t e e l s . ” -  I ro n  and S te e l  
I n s t i t u t e  (1936)s T o i .134, Page 395»
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In  i t s  e sae n tia lB  th e  Fo-ppl-BerbiK machine c o n s is ts  of 
a two mass system. An I n ê r t i a  i s  clamped to  one end of 
th e  t e s t  specimen which a c ts  as the  s t i f fn e s s *  The o th e r  
end of th e  specimen i s  clamped to  the  frame of th e  machine 
which th e re fo re  a c ts  as th e  second in e r t ia *
The t e s t  specimen i s  s tre s se d  in  to r s io n  and i t s  damping
Capacity ob ta ined  from reco rd s  of t r a n s i e n t  v ib r a t io n s .
There a re  many v a r ia t io n s  of the  Foppl-Pert£! type of 
machine? each d i f f e r in g  i n  i t s  methods o f  s e t t i n g  up i n i t i a l  
s t re s s?  recording? clamping and suspension and, as an example? 
th e  Gambridge T orsional Damping Recorder should be mentioned^**^
The r e s u l t s  ob ta ined  on these machines ? however? were 
somewhat in c o n s is te n t  and? consequently? an element of e r ro r  
i s  im plied .
The nex t s ig n i f i c a n t  s tep  i n  the  development was 
achieved by Hanstock and M u r r a y ? c lo se ly  follow ed by 
Gottelg Entw M stle and Thomson^^^ Binae? however? O ottel? 
B ntw his tle  and Thomson*s apparatus i s  more c lo se ly  r e la te d  to
(1) Hatfield?W.E* ? B tanfield,G * ? and Rotherham,L#?- "The
Damping Oapacity of Engineering M a te ria ls"  ? Horth E ast 
Ooast I n s t i t u t i o n  of Engineers and B h ipbu ilders ,
Trans. LVIIX, Dart T. June 1942,
(8) HanstockpE.D* and Murray,A.- "Damping Oapacity and the  
F a tig ue  of M eta ls ,"  -  The Journal of th e  I n s t i t u t e  of 
M etals 1946, V o l.72, Page 9 7 *
(3) Got t e l ?  Ent w h is tle  and Thomson -  "Measurement of Deauplng 
Capacity o f M etals i n  T orsional V ibra tion#"  -  The 
Journal of th e  I n s t i t u t e  of M etals 1948? Vol/74?
Dage 373.
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th e  o r ig in a l  fo p p l-P e r t^  machine than  th a t  of Eematook and 
Murray? a sh o r t  d lso u ss io n  of t h e i r  arrangement w i l l  he 
g iven  f i r s t .
Got t e l  ? E n tw h is tle  and Thomson improved th e  conven­
t i o n a l  Foppl^Pert^  machine hy c a re fu l  c o n s id e ra t io n  of 
p o ss ib le  e x te rn a l  sources of e r ro r ,  Re-deeigi^i of the  
appara tu s  reduced th e  measured in t e r n a l  damping sub s t  a n t i  a l l y  
and, th u s  ? i t  was made obvious th a t  th e  r é s u l t a  obtained  on 
th e  orig3.nal maciiines were badly a f fe c te d  by e r ro r s ,
The main improvements carrieci out on th e  o r ig in a l  
Foppl-Pertis machine were g-
The clamping of th e  specimen was improved to  reduce 
energy d i s s ip a t io n  due to  p o ss ib le  s l i p  o r  h igh  s t r e s s  
c o n c e n tr â t !ons *
The machine frame was made s t i f f e r ?  chmiging from a 
b o l te d  to  a welded design ,
F in a lly ?  a i r  f r i c t i o n  w^ as removed by working in  n ea r  
vaomm#
The appara tu s  designed by G ottel? E n tw h ls tle  and 
Thomson made use of mechanical means of s e t t i n g  up the 
i n i t i a l  s t r e s s ?  and reco rd in g  was done optioa^lly#
The ap para tu s  of Hanstook and Murray dev ia ted  somewhat 
i n  design  from the  t e s t  arrangements of e a r l i e r  in v e s t ig a to r s
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A major improvement? t h a t  of u s in g  the  t e s t  epeoimen 
as the  e n t i r e  'V ib ra tiona l syeteari? was in tro d u ced  by them# 
Thus ? a l l  energy d i s s ip a t io n s  due to  v ib r a t io n a l  to rq ues  or 
fo rc e e  ac ro ss  elam]plng o r  i n  surrounding app ara tu s  were 
e lim in a ted  ; as a  r e s u l t  ? th e  chance of e r ro r s  in  the  
measured i n t e r n a l  damping was g re a t ly  reduced®
E le c t r i c a l  e x c i ta t io n  and reco rd in g  were used#
The damping of th e  speeiraen. was ob ta ined  by measuring 
th e  d if f e re n c e  between the  in p u t "govmr o f  th e  e x c i t e r  and 
th e  o u tpu t power of th e  reco rd in g  und,t.
Hanetook l a t e r  made use of th e  same appara tus  to 
e s t a b l i s h  r e la t io n s h ip s  between damping capacity? s t r a i n  
hardening  and fa tig u e?  ca rry ing  out endurance t e s t s  on 
alutm inim  a l lo y  specimens^^ \
A s im i la r  appara tus  to  th a t  developed by Hanstock and 
Murray seemed to  be th e  b e s t  answer to  our measurement 
problem? but? to  see i f  any f a r t h e r  improvements could be 
inco rpo ra ted?  a sh o rt  a n a ly t ic a l  exmnination of the  design  
co n d itio n s  f o r  ap p ara tus  measuring damping cap ac ity  has been 
c a r r ie d  o u t,
T-—  —-"-n— r - - 'f r ir  T-ni T-—r -'i ir -r r " I 'n iu  i i - i r  rmnf n-i iT^i^-Tir-fiiTTi-imri|'irin ninyr^Tm r i n n irur rri     u  n   iiij ]iiii|i.] ï r.in fiM nrjpi.lliwi.im.r.ii
(1) HanstookjE.F, "Daaiping Capacity? S t r a in  Hardening 
BXIÛ. F a t ig u e ,"  -  Drooeedings of th e  P hysica l 
Society? 1947? V o l.59? Page 275*
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f a c to r s  A ffec tin g  Design of Apparat t i s .
For aoourato  measurements of the  d i s s ip a t io n  of 
Vi b r a t i  onal energy in  any t e s t  specimen? i t  i s  d e s ira b le  
t h a t  tlxls energy d is s ip a t io n  should be as la rg e  as p o ss ib le  
compared to  th a t  i n  the  surrounding ap p ara tu s ,
Let us make use of th e  fo llow ing  n o ta t io n s -
W ^ energy d is s ip a t io n ,  ( l b . i n , / c y c l e )
. i v  -  app lied  v ib ra t io n a l  torque® ( l b . i n . )
a frequency . (1 /s e o .)
C =3 s t i f f  ne ss oo e f f i  e l en t # ( lb ,  i n .  )
& ÎS3 v e lo c i ty  r e s is ta n c e  c o e f f i c i e n t , ( lb . in # s e c . )
« i ,  ^ angu lar i n e r t i a ,  ( l b , i n . s e c , )
When a simple v ib r a t io n a l  system, of one degree of 
freedom i s  considered? the  energy d i s s ip a t io n  per cycle  w i l l  
be given by^'^^g-
ITT w S
_________W .^  _________ _ * , # 89
At reecnance con d itio n s  tM s  form ula reduces t o : -
2»
 ------------------------ W r ! __w A _______ _____________ < • . 90
I t  i s  aeea. from equation  (89) th a t  f o r  a simple system
th e  d is s ip a t io n  of v ib r a t io n a l  energy i s  d i r e c t l y  p ro p o rtio n ­
a l  to  the  square of th e  applied  torque? and i t  i s  a lso  
(1) "Mechan3.cs of Tiba^atione"? Hansen and Ghenea? Page 96.
156
dependent on a  f a c to r  c a lc u la te d  from th e  p h y s ic a l  constan te  
of th e  System#
The same e o n s id e ra t io n s  may roughly be app lied  to a 
more complex v ih ra ,t lo n a l  system corresponding  to  our t e s t  
a p p a ra tu s .
Teat Specimen,
Let us f i r s t  of a l l  consider the  t e s t  specimen? the  
energy d i s s ip a t io n  of wMoh should he as Isirge as p o s s ib le .
f o r  the  purpose of damping measurement? hoth  small and 
la rg e  to rq u es  have to  he used and? hence? th e  only vmy to  
make th e  energy d is s ip a te d  p e r  cycle la rge?  i s  to  in c re a se  
th e  f a c to r  governed hy the  p hysica l constants#  This i a  
b e s t  achieved hy working a t  th e  specimen*s n a tu r a l  frequency .
SuzTounding Apparatus *
Let us secondly examine the  surrom idlng apparatuis? the  
energy d i s s ip a t io n  of which should he as sm all as p o s s ib le .  
There a re  two d i s t i n c t  methods of ach iev ing  t h i s  purpos e .
f i r s t l y ?  th e  f a c to r  governed hy th e  p h y s ica l co n s tan ts  
o f  the  system omi be made small by working a t  f req u en c ies  
o f f  resonance and u s in g  la rg e  s t i f f n e s s e s  ^ ,
The second method i a  to  ensuite t h a t  any to rq u es  o r  
(1) Used hy Got te l?  Eatv /h istle  and Thomson#
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fo rc e s  In  th e  surrounding appara tus  due to  the  v i b r a t i  on of 
th e  t e s t  specimen a a re  as small as p o s s ib le ,  TMs i s  b e s t  
achieved by b a lan c in g  a l l  v ib r a t io n a l  to rq u e s  w ith in  the  
a p ecimen i t s e l f ^ .
I t  was decided th a t  the  second a l t e r n a t iv e  would give 
a b e t t e r  b a s is  f o r  th e  design o f  the  app ara tu s  emd the  
fo llo w in g  t e s t  s p e o if ic a t io n s  were l a i d  dOTO5-
(a) The specimen i s  to  be a balanced two mass system 
clamped a t  th e  node.
(b) There i s  to  be no mechanical connection  between the  
p ick-up  and th e  specimen.
(o) The fo rc in g  i s  to  be a t  the  specimen* s n a tu r a l  
frequency  o f  to r s io n a l  o s c i l la t io n #
(d) The d r iv e  i s  to  be completely d isconnected  a f t e r  the  
specimen has been fo rced  to  i t s  maximum am plitude of 
o s c i l l a t i o n .
I t  fo llow s from co n d itio n  (d) t h a t  th e  damping of th e  
specimen must be obta ined  from recorda o f  th e  specimen*a 
t r a n s i en t v i b r a t i one.
S p ec ia l p ro v is io n s  f o r  endurance t e s t i n g  should be 
in co rp o ra ted  i n  th e  apparatus#
(1) Used by Eanstook and Murray
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APPARATUS 0
A fte r  oonaiderab le  time an apparatus? as shown hy 
F i g .58? was developed f o r  th e  measurements of damping 
oapacity  and endurance t e s t i n g  of s h r in k - f i t t e d  a ssem b lie s .
I t  was found th a t  t h i s  arrangement gave re l ia b le ?  
c o n s is te n t  r e s u l t s ?  an.d thus  i t  served i t s  purpose, a lthough 
d i f f i c u l t i e s  were encountered due to  f re q u e n t bi^eakdowns 
during  endurance t e s t i n g ,
The p r in c ip le  of th e  arrangement i s  b e s t  understood 
from th e  b lock  diagram of Pig* 59,
A sep a ra te  drawing of the  t e s t  specimen i s  given in  
P i g ,61? whereas a l l  o th e r  d e t a i l  drawings a re  given in  
Appendix T I.
A sh o r t  d e s c r ip t io n  of the  t e s t  arrangement w i l l  be 
n ecessa ry  an.d l e t  us begin by co nsidering  the  t e s t  specimen.
Test Bpecimen.
The t e s t  specimen c o n s is ts  of two heavy f ly -w h ee ls  
s h r i n k - f i t t e d  to  th e  ends of a p la in  s h a f t ,  such as to  form 
a two mass system.
The specimen was made of a robust s i^ e  to  d im inish  the  
e f f e c t  o f machining to le ra n c e s  on i t s  most im portan t dimen­
s io n s .  An upper l i m i t  to  i t s  siise, however, was imposed by
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the power a va il0 ,tle  fo r  e x o ita tlo a .
$he t e s t  specimen was clamped at the node, as shown in  
F i g . 59.
Jib!: c ita t io n .
E x c ita tio n  fo r  the specimen un-der t e s t  was provided hg- 
two Goodmans moving c o i l  e x c ite r s , connected in  se r ie s  
through an ammeter to  the output o f a driv ing  am plifier  
will oh supplied s u f f ic ie n t  power to run the e x c ite r s  at f u l l  
capacity (4 amp.). A ir-coo lin g  of the e x c ite r s  was then 
requiredj an.d a ir  was supplied from a compressor, as shown 
in  F ig .58.
For taking records of the tra n sien t v ib ra tion s of the 
specimen, the driving am plifier was fed from a Beat Frequency 
O sc illa to r  (B.F.O.) through a lim ite r  c iro tiit  and a pre­
am plifier'^ ^ . $hus, the e x c ite r  fo rces  could he tuned to  
the natural frequency of the specimen hy adjusting  the B.F.O.
i'he same system could he used fo r  endurance te s t in g , but 
i t  was found that the frequency of the B.F.O. had a tendency 
to  d r i f t , making occasional re-tuning necessary to keep to  
resonance con d ition s.
A feed-back system which used the t e s t  specimen as the
 --
(1) 5!he lim ite r  was unnecessary for  t h is  purpose but was 
kept in  the c ir c u it  fo r  convenience sin ce  i t  was 
necessary during endurance te s t in g .
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frequency c o n t r o l l in g  u n i t  fôz* the  in p u t  to  th e  d r iv in g  
am plifierBp was th e re fo re  deviaedo A small in d u c t iv e  
piok*^up u n i t  converted th e  v ib ra t io n s  of th e  t e s t  specimen 
in to  a v o lta g e  signal*  This s ig n a l was passed th rough a 
f i l t e r  f o r  th e  exc lus ion  of o th e r  f re q u en c ie s  th an  th a t  
corresponding  to  th e  d es ired  v ib ra t io n  o f  th e  t e s t  specimen# 
From, the  f i l t e r  th e  s ig n a l  was fed in to  th e  l i m i t e r -  &md 
phase change c i r c u i t  to  form, an in p u t  s i ^ i a l  f o r  th e  
a m p l i f ie r ,
A closed  system w ith  co n d itions  f o r  o s c i l l a t i o n  wae 
consequently  e s ta b l is h e d  and? when the  a m p l i f ie r  po?ær was 
tu rned  up? t h i s  system would o s c i l l a t e  w ith  the  same 
frequency as th e  n a tu r a l  frequency of th e  s p e c i m e n ) *
I t  should be n o tic e d  th a t  the  l i m i t e r  c i r c u i t  was no?/ 
n ecessa ry  to  p reven t i n s t a b i l i t y ,
Since th e  gear du ring  enduran.oe t e s t s  was switched on 
f o r  co n s ide rab le  p e r io d s  of tim e , i t  ?/a,s foun.d n ecessary  f o r  
th e  p rev en tio n  of a c c id e n ts  to  in c o rp o ra te  an overload switch 
i n  the  supply c i r c u i t#  This switoh would out out a l l  the 
e l e c t r i c a l  gear i n  th e  case of f a u l t s  m t h  e i t h e r  o f the  
components#
A time sw itch  was a lso  incorpora ted?  such th a t  th e  gear 
could be made to  stop  by i t s e l f  a t  any convenient p r e - s e t  
tim e ,
(1) The pov/er ou tpu t of th e  d r iv in g  a m p li f ie r  could be
re g u la te d  by means of a v a r i a s *
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% 0  am plitude of th e  toxaxonal v ih ra t io n a  of th e  t e a t  
apecimen were recorded o p t i c a l ly ,
M ght from a p o in t  source was r e f l e c te d  hy a small 
p lane m irro r  a t ta c h e d  to  the  t e a t  specimeu (Bee Pig^ 59)*
I t  was then  fo c u s 8 ed hy means of a long fo c a l  le n g th  len s  on 
the  sc reen  of a moving f i lm  camera^ A stanxlard Oossor
O scillo scope  Oamera designed fo r  35 f i lm  g and wi-th a
f i lm  speed of 3*5 in . / s e c ^  was used, (See P ig . 58),
i*he o p t ic a l  p r in c ip le  of the  reeo rd in g  system i s  shown 
in  Appendix XX^  which a lso  gives a form ula f o r  i t s  am plifloa- 
t i o n  f a c to r .
Por an a ly s is^  th e  f i lm  reoords were m agnified f i f t e e n  
tim es i n  a MXger n n iv e r s a l  P ro je c to r  and measurements taken  
d i r e c t l y  o f f  th e  screen  ?rlth a cen tim etre  r u l e .
Percen tage damping was ca lc u la te d  from these  measure- 
mentsj making use  of th e  fommula shown in  Pig#GO,
The sh a f t  s t r e s s  i n  th e  specimen was ob ta ined  from 
measured am plitudes ? considering  the  corresponding tw is tt  $
Operation*
P i n a l l y 9 b e fo re  t h i s  s e c t io n  on ap p ara tu s  i s  concluded g 
a few words should be sa id  about the o p e ra t io n  of the
FROM DEFINiTION '
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experim ental gear during  te s t»
3'o r  ta k in g  a record  of th e  t r a n s ie n t  v ib r a t io n s  of th e  
t e s t  specimen) the fo llo w in g  procedure was adopted^-
%he was connected to  th e  in p u t  of th e  a m p lif ie r ,
fho image of the  p o in t  l i g h t  source was s e t  on the  
ce n tre  of the  camera sc reen , and f i lm  t h e r e a f t e r  loaded in  
th e  camera
A ppropriate  d r iv in g  rods f o r  t h i s  t e s t  -  (see Appendix 
VI) were f i t t e d  to  th e  exo ite rS ) and th e  In d u c tiv e  p ick-up 
u n i t )  which was a ttach ed  to  th e  t e s t  specimen f o r  endurance 
t e s t i n g ,  was diecoimectecl,
She d r iv in g  m ip l i f i e r  was tu rned  up to  f u l l  po?i/er, 
while th e  e x c i t e r  rods were engaged to  th e  t e s t  specimen
( a  )
manually^ and th u s  th e  t e s t  specimen was e x c i te d  to  maximum 
amplitude»
£he camera motor was s ta r te d  and, s h o r t ly  a f t e r ,  th e  
e x c i t e r  rods were p u lle d  sharp ly  a?^ay from th e  t e s t  specimen. 
The t r a n s i e n t  v ib r a t io n s  of the t e s t  specimen which then  
fo llow ed would he rœoorded hy th e  camera.
For endurance t e s t i n g ,  s t i f f e r  e x c i t e r  rods were used . 
These were clamped to  the  t e s t  specimen hy means of a sp rin g  
clamp, which would take  up any wear. (See Appendix VI)»
fmWrtil /n III I'll T ifi 7 i.'i~it^  ir ~ i~iT r*~i 'I' II ; I I I I inti '  r  IT ' I'll" HI I I T n F ~ t Tf i hTtt—ii “ i r ~ i  - Tn ' "^*1 u n f u r l  i t  i n 'i t ' r  rrN"~ i "    irnir  — — •‘t*   —  ~ —"i
(1) Two o p e ra to rs  were re q u ired .
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Til© in d u c t iv e  p iak-up u n i t  was oomiected to  the  t e s t  
specimen and th e  B.F.O. rep laced  by th e  f i l t e r .
On tu rn in g  up the  v a r ia c  of th e  d r iv in g  a m p li f ie r ,  th e  
system would now o s c i l l a t e  a t  the  d e s ire d  aiîiplitude.
...^1 fir""rrirr-#*TTi r , r - im uj
ïïBSf
The fo llo w in g  t e s t  programme was l a i d  down to  cover 
Gomprehenalvely th e  o b je c t  of the  experim ental in v e s t ig a ­
t io n s  of s h r in l i - f i t t e d  aBsemblies, as d ra f te d  on page 150.
Two s e t s  o f specimeBB of v a ry in g  in te r f e r e n c e  were 
t e s t e d .
The f i r s t  s e t ,  a l l  th e  p a r t i c u la r s  of wrhioh a re  given 
i n  F i g .62, contained f iv e  specimens a l l  lu b r ic a te d  w ith  
sperm o i l  be fo re  s h r in k - f i t t in g »  The s e t  covered a range 
of su rface  pressures^^^  from 1*3 T ^ / l n . t o  8 .65  T » /in»^“, 
which should he s u f f i c i e n t  to  cover most en g ineering  
a p p l ic a t io n s  of shriW c-f 111ed asBerahlies.
A ll th e  specimens of th e  f i r s t  s e t  were t e s te d  
im m ediately a f t e r  s h r i n k - f i t t i n g  ( i n i t i a l  t e s t s )  end the 
graphs of Percentage Damping versu s  s h a f t  s t r e s s ,  as shown 
i n  F i g .65? were o b ta in ed .
Endurance t e s t s  were then  c a r r ie d  out i n  th e  fo llow ing  
way. A f te r  th e  i n i t i a l  curve of Percentage Damping v ersu s  
s h a f t  s t r e s s  had been obtarlned, the  specimen under t e s t  was 
v ib ra te d  a t  co n s ta n t in p u t  c u rren t to  th e  e x c i t e r s  a  s e t  
number o f c y c le s ,  befo re  ano ther reco rd  was taken  of i t s  
t r a n s i e n t  v ib r a t io n s .
(1) O aloulated  from the  in te r f e re n c e  f i t  by making use of
Dame  ^a eq u a tio n s  f o r  th ic k  cy].inders^
SMe procedure was repeated, tak ing records at in terv a le
o f 10 megaeyoles mit 11 the speolmem had 'been vibrated 100 
megaeyelOB in  a l l .
A ll f:We apeoimeme were subjected to  eaéurenoe te a ts
during which the input current to the ex c itera  was kept
ooBatant at 3^3 amp®
r^om the eMuranoe te e ta  » graphs o f percentage damping 
veraua number o f cy c le s  vibrated fo r  co n a tœ t shaft s tr e s s  
were obtained, as ehow  im P i 66^70 fo r  a l l  apeoimene*
F in a lly , the graphs o f Percentage Damping versus shaft 
s tr e a e , obtained a fte r  100 mogaoyoles fo r  a l l  specimens, 
are presented in  F ig . 71#
A fter a l l  t e a ts  on the f i r s t  se t  o f apeolmena were 
completed ? the sh a fts  were trlpanned cut o f the fly«-whoels 
fo r  Inspeotlom .
photographs o f the sh a fts  o f specimens B and I) are 
shown i n  fig«7S^
During th e te a ts  on the f i r s t  so t o f  Bpeoimens, 
âiaouaalon arose as to  the importance o f In tern al damping 
compared to  the shrlnk-'flt damping#
She second se t  o f  t e s t  specimens waa therefore arranged 
as one s o lid  specimen end four ahrink^fltted  specimens made 



























second s e t  of specimens a re  given i n  M g . 6'  ^ p ro p e r t ie s  of 
th e  m a te r ia l?  as w ell as dimen s i  ons*
A ll th e  t e s t  apeoimenEi i n  th e  second s e t  were cleaned 
ir l th  carhon t e t r a c h lo r id e  befo re  shrinldng^ to  ensure th a t  
th e  m ating su rfa ce s  were f r e e  from any g rea se ,
hue to  shortage  of tiane? only i n i t i a l  t e s t s  were 
c a r r ie d  out f o r  th e se  specimens? and th e  r e s u l t s  ob tained  
are  p re sen ted  in  th e  same way as befo re  i n  F ig , 73*
fhUB th e  t e s t  programme fo r  th e  purpose of t k l s  Sheais 
was f in ish ed ?  bu t i t  should he r e a l i s e d  t h a t  a much g r e a te r  
v a r i e ty  of t e s t s  could he c a r r ie d  out w ith  advantage? s ince  
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SILICON__________ 0 0 5
SULPHUR_________ 0 0 4 5 .
PHOSPHORUS____ O 0 4
MANGANESE_____O 62
MECHANICAL PROPERTIES
TENSILE_________2 9 1  T /IN
ELONGATION_____31 %
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T/lN"INS. INS IN/lN DIA.
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3 1 - 5 0 0 7 1 - 5 0 0 2 - 0 0 0 3 3 2-161 - 5 0 0 2
3 I 5 0 2 4 1 5014 0 0 0 6 7 4 33
1-5014
4 1 5 0 3 2 1 5016 ■ OOl 6 51-5017
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BISOÏÏSSIOH OF BXPERIKIMAI. OEARHa.
S c a t te r  of Expérim ental P o in ts .
Before a  dieouBsion on the  genera l meaning of the  
experim ental graphs i s  s ta r te d ?  some words should he s a id  
about s o a t t e r  o f experim ental p o in ts ,
f h i s  q u es tio n  l a  b es t  disousaed w ith  re fe re n c e  to  
3?'ig.64? which has been presen ted  ae a f a i r  example of the  
s c a t t e r  norm ally p re se n t  i n  the  experim ental r e a u l t s .
I t  i s  n o tic e d  th a t  much s c a t t e r  i s  p re sen t  f o r  the  
experim enta l p o in ts  a t  th e  top end of th e  curve? whereas 
below a c e r ta in  s t r e s s ?  th e  s c a t t e r  i s  much reduced. This 
i s  due to  th e  method of c a lc u la t io n  o f  Percen tage  Damping,
Per h igh  s t r e s s  v a lu es  when the  P ercen tage Damping i s  
la rge? i t  i e  c a lc u la te d  as an average va lue  over one cycle 
of vibration^, As th e  clamping decreases? however? the  
d if fe re n c e  i n  am plitude between two consecu tive  cycles  
becomes so email th a t  i t  w i l l  be n ecessary  to  c a lc u la te  
damping as an average over a number o f cy c les  -  f i r s t  f iv e?  
l a t e r  te n  and twenty a re  use da
The l a , t t e r  method o f c a lc u la t io n  reduces th e  e f f e c t  of 
e r r o r s  in tro d u ced  i n  talcing measurements o f f  the  reco rd s , 
however? any p h y s ica l  v a r ia t io n s  i n  Percentage Damping from 
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I t  was n o tio ed  from p o in ts  neo.r th e  top  end of the  
g rap hs5 t h a t  th e  s c a t t e r  of experim ental p o in ts  was much 
l a r g e r  than  could he expected from experim ental e rro rs^  and 
t h i s  s c a t t e r  was th e re fo re  b e liev ed  to  in d ic a te  s ig n i f i c a n t  
V a r ia t io n a  i n  Percentage Dampings
In  o rd e r  n o t to  obscure t h i s  e f f e c t  ? th e  former method 
o f c a lc u la t io n s  was th e re fo re  used^ wherever possib le*
f f l f f e r e n t l a l „B l ip *
Some of th e  main fe a tu re s  of th e  experim ental graphs 
w i l l  now be d isc lo se d  and l a t e r  viewed i n  r e l a t i o n  to the  
t h e o r e t i c a l  a n a ly s is  *
Prom an in s p e c t io n  of th e  graphs of Pig%6î5? i t  i s  seen 
t h a t  the  Percentage Damping of any one of th e  sperm o i l  
lu b r ic a te d  specimens t e s te d  immediately softer s h r in h - f i t t in g ?  
in c re a s e s  r a p id ly  w ith  in c re a se  i n  s h a f t  s tre s s*
3Mrther<; i t  w i l l  be n o tic ed  th a t  specimens w ith low 
in te r f e r e n c e  f i t s  g e n e ra lly  show much h ig h e r  damping than  
those  w ith  high*
The above f e a tu re s  a re  repea ted  f o r  th e  same s e t  of 
specimens a f t e r  100 megacycles endurance t e s t^  as shorn by 
P ig*71 ) and? from P ig#73p i t  i s  seen th a t  o2so the second 
s e t  of speeimens? wMch were sh r in k -f i1 1 e d  dry? shov/ th e  
same c h a r a c t e r i s t i c s  *
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In c reased  damping f o r  ino reased  s h a f t  s t r e s s  o r 
decreased in te r f a c e  p re ssu re  can th e re fo re  be considered to 
be a general oh araoteriatio  of sh rink -> fitted  assemblies*
l e t  UB now re tu rn  to  the  graph of Percentage Damping 
Versus th e  r a t i o  o f  noBiinal strevss to  f r i c t i o n  g r ip  wMoh 
was ob tained  as a r e s u l t  of th e  th e o r e t i c a l  analysis*  (Bee 
P i g . 57),
This graph ex p resses  th e  same ch a rac te r is t iO B  f o r  
sh r in k -f i1 1 e d  assem blies as were r e a l i s e d  through the  
experim enta l te s ta *
Consequently? we may conclude t h a t  th e  b a s ic  assumption 
f 03? th e  t h e o r e t i c a l  work -  namely th a t  d i f f e r e n t i a l  s l i p  
ta k e s  p lace  between th e  mating su rfac e s  o f the  sh a f t  and th e  
hub of a Bhrink“* 'fitted  assembly when loaded in  to r s io n  -  i s  
Valid*
E f fe c t  of M r  F r ic t io n  and I n te rn a l  Damping*
Before proceeding any f u r th e r  i n  our d isc u s s io n  of 
s h r in lc - f i t  damping? i t  w i l l  now be n ecessa ry  to  consider any 
o th e r  foxms of damping \¥hlch might aippear in  our experim ental 
ré su lta *
Since M l  v ib r a t io n a l  fo rc e s  and to rq u e s  a re  balanced 
w ith in  the  t e s t  specimen? the  only two a d d i t io n a l  e f f e c t s  
p o s s ib le  a re  damping clue to  a i r  f r i c t i o n  end in t e r n a l  damping*
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Iiet UB mow f o r  a  moment oonsider th e  graphs of 
F ig*7 5 » wMch r e f e r  to  the  second s e t  o f t e s t  specimens 
and? i n  p a r t ic u la r ?  we w i l l  pay a t t e n t io n  to  th e  graph 
f o r  specimen 1 * -  th e  s o l id  specimen*
This graph w i l l  in d io a to  th e  e f f e c t  of a i r  f r i c t i o n  
and i n t e r n a l  damping? s ince  th e re  i s  no s h r i n k - f i t  
damping p re se n t f o r  tM s  specimen*
As a r e s u l t  o f geom etrical id e n t i ty ?  th e  same a i r  
f r i o t i o n  damping w i l l  a lso  apply to  a l l  the  o th e r  sp ec i­
mens*
The i n t e r n a l  damping? however? i s  expected to  he 
h ig h e s t  f o r  th e  s o l id  specimen and to  decrease f o r  th e  
s h r i n k - f i t t e d  specimens M th  decreas in g  in te r f e r e n c e  
f i t s h u t  t h i s  dec reasing  e f f e c t  must he sm all since? 
f o r  our s t r e s s  range? th e  graph f o r  th e  s o l id  specimen 
shows an approxim ately  constan t i n t e r n a l  damping.
For th e  fo u r  rem aining specimens i n  t h i s  set?  a  
good measure of th e  pure sh r in lc - f i t  damping can consequently
(1) This e f f e c t  i s  due to  the  decrease  i n  s t r e s s  concen­
t r a t i o n  f a c to r  as shown by Fig* 57, as  i t  i s  Imom 
t h a t  i n t e r n a l  damping in c re a se s  r a p id ly  w ith  s t r e s s (2)-
(g) Iiaisan? B*H* -  Study w ith  law Equipment of the 
E f fe c ts  o f F atigue S tre s s  on the  Damping 
Capacity  and E l a s t i c i t y  of Mild S te e l* " - Trans* 
Amer,8 0 0 * For Metals? ?ol*92? 1950? Pages 499-548
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be ob ta ined  by BUbtraeting the  damping measured f o r  th e  
s o l id  Bpeoimea from the  t o t a l  dampings
Thus th e  graphs of Fig» 74 are  ob ta ined  ? and f o r  
f u r th e r  work th e se  graphs m i l  be used? r a th e r  th m  those 
of F ig*73“
For th e  sperm o i l  lu b r ic a te d  specimens? I t  i s  c le a r  
from the  graphs of Fig* 65 and 71? th a t  th e  e f f e c t  of a i r  
f r i c t i o n  and in te x n a l  damping must be very  small? and i t  
w i l l  th e re fo re  be neg leo ted  i n  the  fo llo w in g  diBCUseiorio
For th e  f i n a l  curve of specimen E, only? i t  i s  
n o t ic e a b le  t h a t  th e  i n t e r n a l  damping may be of s l i g h t  
importance*
C o e ff ic ie n t  of F r ic tio n *
The d isc u ss io n  o f our experim ental graphe w i l l  now 
be oars^ied a s tep  f u r th e r  to  ex p la in  v a r ia t io n s  in  damping 
between dry slrrunk and apem  o i l  lu b r ic a te d  specimens? and 
a lso  th e  e f f e c t  of endurance t e s t i n g  on th e  sperm o i l  
lu b r i  ca t ed specimens »
For t h i s  purpose? i t  v à l l  be n ecessa ry  to  consider  a 
tM r d  param eter a f f e c t in g  th e  d i s s ip a t io n  o f v ib r a t io n a l  
energy i n  a s h r i n k - f i t t e d  assembly -  namely th e  c o e f f i c i e n t  
o f f r i c t i o n  between the  mating su rfac e s  *
With re fe re n ce  to  Fig* 57? i t  i s  seen th a t  an in c rea se
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In  the  00e f f ic ie n t  of f r i c t i o n  w i l l  cause a  decrease  in  the  
percen tage  clamping? and v ic e  versa*
ïjet u s  consider  th e  sperm o i l  lu b r ic a te d  specimens i n  
th e  l i g h t  of t h i s  inform ation* I t  i s  seen ‘by comparing th e  
curves of F i g . 65 w ith  those  of F ig .71 and 74? th a t?  i n i t i a l l y j  
th e se  specimens provide a very  high percen tage  damping end? 
consecpiently? a low c o e f f ic ie n t  of f r i c t i o n  must e x i s t .
This would be expected f o r  o i l  lu b r ic a te d  surfaces*
Endurance t e s t i n g  of the  same specimens has th e  e f f e c t  
of reducing  th e  h igh i n i t i a l  damping s u b s ta n t i a l ly  over the  
f i r s t  10 to  40 megacycles? a f t e r  which a co n s tan t l e v e l  of 
damping i s  kept fo r  th e  remaining p a r t  o f th e  t e s t  (see 
F i go 66-70).
This e f f e c t  i s  explained  by a breakdown o f  th e  o i l - f i l m  
over the  m ating surfaces?  followed by the  form ation  of 
co rro s iv e  m a te r ia l  of a maoh h igher c o e f f ic ie n t  of f r i c t i o n  
( l ) ( 2) ^  Thus? the  f i n a l  curves f o r  th e  sperm o i l  lu b r ic a te d  
specimens of percen tage  damping v ersus  s h a f t  s t r e s s  are  
determined by a Ixig’her c o e f f ic ie n t  of f r i c t i o n  than the 
i n i t i a l ?  and th e re fo re  show l e s s  damping*
The curves of P ig /7 4  show th a t  dry shrunk specimens
  — " T iV îtr^ T T — - — T— Tfi 1 r r - f f f i ■riînr'rrTm iH  r r m r rr - n i i- iT r i i )  i iiiir # m  *f| n.:ta j .L ;K
(1) P rettin g  corrosion i s  a well-known phenomenon ream iting
from rahMng motion between two metal smrfaoes.
(2) Photographs o f the oorroded shaft surfaces are shown in
P ig .72.
give lesB damping than  lu b r i oat ed speoimenB. This oonfirms
the above observationB? einoe th e  c o e f f ic ie n t  of f r i c t i o n
Bhould be h igh er  f o r  dry ehrunk epeciraene th an  f o r
)l u b r i  ca t ed .sp e oimene  ^ ^ .
I t  w i l l  be understood  from th e  above t h a t  th e  c o e f f i ­
c ie n t  of f r i c t i o n  between the  m ating su rfa c e s  of a ehrinlc- 
f i t t e d  aseembly has an Im portant b ea rin g  on the  damping*
With re fe ren c e  to  the  f i r s t  s e c t io n  o f  t h i s  d iscussion?  
we may th e re fo re?  a t  t h i s  stage? ex p la in  th e  excessive  
s c a t t e r  of experim ental r é s u l t a  by random v a r i a t io n s  i n  the  
c o e f f i c i e n t  o f  f r io t io n ^ ^ ^ o
For f u r t h e r  development of the sub jec t?  i t  i s  now 
n a tu r a l  to  t r y  to  obtazln some m uaerioal v a lu es  f o r  the  
c o e f f i c ie n t  of f r ic t io n *
This can be achieved by con s id e rin g  th e  experim ental 
graphs i n  r e l a t i o n  to  the  th e o r e t i c a l  graph of f i g . 57.
Galo u ia t io n s  of th e  c o e f f ic ie n t  of f r i c t i o n  a re  c a r r ie d  
out i n  Appendix VII? which a lso  gl.ves Tables of th e  r e s u l t s  
ob ta in ed .
(1) Davidson? WoH.S. -  " S h r in k - f i t  S t re s s  Systems in  B u i l t
O rankshafta . " -  3?h.D. Thesis? Glasgow U niversitv?  
1951,
(2) EabinowicB? Mghtraire? Tedholm and Williams? -  "The
S t a t i s t i c a l  Mature o f  f r ic t io n ,"  -  The T ran sac tio n s  
of th e  American Society  of m echanical Engineers, 
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Appencliac VII ahows th a t  the  o o e ff io ieB t of f r io t io m  
v a r ie s  w ith  th e  sh a f t  s t r e s s  fo r  amy p a r t i c u l a r  epecimen? 
as w ell as from apeoimen to  apecimen.
So o h ta ln  eo^ jie id e a  about th e  e f f e c t  o f in te r f a c e  
preaeure  on c o e f f i c ie n t  o f f r i c t io n ^  th e  average v a lues  
fo r  each apeoimen have been c a lc u la te d <,
These average v a lu es  of the  c o e f f ic ie n t  o f f r i c t i o n  
are  p lo t te d  v e rsu s  th e  su rface  p re ssu re , as shown in  I?ig<.75<^
The ce n tre  p a r t s  o f the  curves of f ig * 75 show v a lu es  
of th e  c o e f f ic ie n t  o f f r i c t i o n  which compare w ith those 
obta ined  by o th e r  in v e s t ig a to r s  f o r  s im i la r  c o n d i t io n e d ^ \
f o r  th e  genera l t re n d  of th e  curves? however, no 
previous papers which could form a comparison have been found.
I t  i s  th e  author* s opinion th a t  th e  r e s u l t s  of f ig * 75 
a re  i n s u f f i c i e n t  to  form a b a s is  f o r  f u r th e r  d iscu ss io n , and 
th e  graphs a re  th e re fo re  p resen ted  p u re ly  f o r  th e  i n t e r e s t  
of f u r th e r  research^
Thus, the  d iscus  s i  on of experim ental r e s u l t s  obtained 
f o r  s h r in lc - f i t te d  assem blies loaded in  to r s io n ,  i s  concluded.
(1) 'Davidson, W.E.S* -  **8hrlnk-]Plt S tre s s  Systems in  B u i l t  







BMOioiaâii impoEmmoE of m m m m c
From moasuremaBts takem on d ie s e l  engines i n  operation^ 
Draminsky^’*  ^ shows th a t  th e  oranlcshaft system of snoh 
engines p o ssesses  damping of the  o rd er  o f 2-4 per canto
I t  i s  th e r e fo re  c le a r  th a t  a source of damping which, 
f o r  com paratively  low s h a f t  s t r e s s e s  can reach  10 per centos, 
w i l l  he of g re a t  p r a c t i c a l  importance «
P resen t design  p ra o tio e  f o r  h u i l t - u p  erenkshaftsp  which 
advocates h igh  in te r f e r e n c e  f i t s  and c o e f f ie ie n ta  of f r i c t io n ^  
ten d s  to  reduce t h i s  importance? hut i t  should he r e a l i s e d  
t h a t  a  very  v a lu a b le  source of damping i s  thereby  destroyed .
Hov^ever? d i f f i c u l t i e s  w i l l  obviously  be encountered in  
design ing  c ran k sh a f ts  which possess h igh  s h r in lc - f i t  damping? 
and a lso  r e t a i n  t h e i r  a b i l i t y  to  c a r ry  ].arge constan t torques»
F in a lly ?  a dan-ger a ttach ed  to  s h r i n k - f i t  darnping should 
be po in ted  o u t .
Since t h i s  damping decreased w ith  running  time? i t  i s  
p o s s ib le  th a t  s h a f t  s t re s se s ?  measured and accepted f o r  new 
engines w ith  b u l l t - i tp  crankshafts?  w i l l  l a t e r  in c re a se  beyond 
th e  p e rm iss ib le  value? and f a i l u r e s  »my consequently  occ^Lr»
— ■ ‘ “ ' ■ ' " ■ " I I  f Y — T ' l ' " " - ' ' " - ' — r T T " T T - r ' — r r r "  i  T r r n r  " " " ' r r ' — i m — ^ t r r r ^ ' t i — i m r m — i r ^ r r - r n —  r i n f ( i m r ' n i — T " n - n r i i T r i r i i i r i Ti n i i i r r r - n f i n f t r i - r i i n T i r  • i K r t i t i i > ' i i ' i  — i n n r ' > r n ' ^ ' r i ‘n T i - ^ > i i i ( n - r - - r f - < f i i i r r i - -  n ,  r i m n  n n i w i i i i i i -  i n d i n r m r n n ii i i r m f n n r a i n i i f
(1) Framfneky? P. -  ”Pa.empningen Ted fo rs io n se v in g n ln g e r  
I  Erum tapaksler" ? Copenhagen? 1947* Pages 99 and 
100.
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Damping In  sh rln k -fit tec l. a.Bsemblies has been 
disGOvered? In v e s t ig a te d  end found to  be of con s ide rab le  
p r a o t io a l  im portance.
I t  has been p o s s ib le  to give t h i s  damping a fundamental 
ex p lan a tio n  r e la te d  to  e l a s t i o  d e f le c t io n s  and aurfaoe 
co n d itio n s  o f  th e  a ssem b lie s .
0!hus? the  study of damping a lso  y ie ld e d  in fo rm ation  
about o th e r  o h a ra o te r ie t ic s ?  such as  d i f f e r e n t i a l  s l i p  and 
s t i f f n e s s  6
ABB'ÎIDIX I
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ÏSISEIXA FORCES OAÏÏSED BY YIBRAIIOML MOflOI OF T M  
OUI OF BALAÏOE MASSES OF A SÏ/IdliB ORAIK.
and A cc e le ra t io n s .
Bet us consider a oranlc mechanism as shown i n  F ig .76. 
l o r  the  purpose of t h i s  a n a ly s is  the  masses of th e  an tu a l 
p iston? the connecting rod and the crank may he rep resen ted  
hy one r e c ip ro c a t in g  mass moving along th e  p is to n  cen tre  
l in e ?  and one r o ta t i n g  mass s i tu a te d  a t  the  crank p in .
These masses a re  connected through a w eightless?  i n f i n i t e l y  
s t i f f  meohamlsm.
I t  w i l l  he req u ired  to  f in d  the  a c c e le ra t io n s  of these  
two masses when the  r o ta t io n  of the  crank c o n s is ts  of a 
T ih ra t io n a l  motion superimposed on a constan t angular 
v e lo c i ty  r o ta t io n .
(a) E o ta tin g  Out of Balance Maes.
 .....  w m whitiu xo fm»
Let US denote the angle between the  p is to n  cen tre  l i n e  
and th e  crank hy 6  ? choosing an tic lockw ise  r o ta t io n  as 
p o s i t iv e .  I f  denotes the  amplitude? and the phase 
angle of th e  n th .  harmonic of to r s io n a l  v ib r a t io n  of the 
crank? and th e  constan t angular v e lo c ity ?  the an.gle 8  
w i l l  be given completely by the fo llow ing  express ion?-
 ____________© ~  w t  -+ 1  Ar. h. Iw t + _ . . .  1 A
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Henoe
0  ^  W  4- H  W  An CoS k l Sh^
and
» » 2 A
The aôceX eration of the  mass a t  th e  crank p in  vdlX 
be given by two components, the  ta n g e n t ia l  a c c e le ra t io n  
and th e  r a d i a l  a c c e le ra t io n .  In  terras of th e  angle 
th e  ta n g e n t ia l  a c c e le ra t io n  w il l  be given bys-
LT
where R« denotes the crank r a d iu s ,
The r a d i a l  a cce le ra tio n ?  which i s  always p o in tin g  
towards th e  cen tre  of ro ta tio n ?  i s  given b y :-
R. 0  » .  * 5 A
Making use of equations (2 A) and (3 A) th e  above 
two components of the  a c c e le ra t io n  of th e  r o ta t in g  mass 
may now be expressed in  terms of th e  v ib r a t io n a l  motion 
of th e  crank- as f o l l o w s ^
K fA » SwL h  I w t  -+ S J
(1) Second o rd er  terms can be n eg lec ted  s in ce  J qA 




o(e — 'Rw U + 2 4- n An Cos. a l o o t f  W j _______  . . .  7 a
("b ) Ee ol p r o ea ting . Mass.
For a  s tudy of th e  a c c e le ra t io n s  of th e  r e c ip ro c a t in g  
mass? i t  w i l l  be necessary  to  r e tu rn  to  th e  crank mechanism 
wrhioh i s  shown i n  F ig .76^
Bet th e  displacem ent o f the r e c ip ro c a t in g  mass from 
i t s  p o s i t io n  a t  he denoted hy yU. ? taken  p o s i t iv e
towards th e  crank centre» Prom the geometry of the system 
t h i s  d isplacem ent may he expressed hy th e  fo llow in g  equ a tio n , 
i n  which X  denotes th e  le n g th  of the  connecting  rod , and 
'H th e  crant: r a d iu s  as hefox*es-
_  M. ^  1 " k  -1(1"*____€>ia%©) )^1_____ _ » « » 8 A
Per a f u r t h e r  tre a tm en t equation  (8 A) i s  now most 
conven ien tly  expanded as a F o u rie r  s e r i e s : -
;U> "  ^4"  L — ^  i 1Ç 'h Cos 0  kl CO5 I 0  4" • 9 A
where th e  c o e f f i c ie n t s  IC , , 1<1, e t c .  a re  given
hy th e  fo llo w in g  e q u a t io n s :-
!<---- 4 ~  ~  ~  -  A (~ x ~ )  • • . . .  10  A
I C -  +  - k i - j f * ■ ■ . . .  11 A
F ig,. 7 6 .
°(r- m
c r a n k  M e c h a n i s m
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f e4V-ci  4 ; • • •  . . .  12 A
Hence Î-*
AA ( ^wv© •+ 2 SwL 20  "4"l<'4^vn^6 ' ' ' ) • • • 15 A
and
 -h 4 l<C4 5w v'46 ' ’) 6
14 A» 9 C
•j” ( Los 0  i* 4^  l<k Co^3>Q i ” |fe k^^Cos4“© *___0 ____
VLelïXng tise of tiie equations (2 A) and (3 A) we may
' Xnow s u b s t i tu te  f o r  © and 8  in  eq u a tio n  (14 A) and
mâi.wi#muw#a ww # *-*### »  ^  '  f
thus \?e obtain (1)
JU. CofeQ + • •)( I-FZ^hA»co&nlwl:+6«i|)
. . .  15 A
^  js^wv0 4r 2Xx. 2.0 ‘ At\ 5wL y\lw'L
Equation (15 A) may be approximated to
Ü ^4lfa.CD^%8 4r lfek^ f»CoB4‘© * * *
%)
•\r x(cofe6-»-4-Kxcoa>20)i- hAv.CoS ( w t 6 . . .  16 a
"* ( ^ Vv\. 0 4- f l  An WL'"'" 1
(1) Booond o rd e r term s a re  again  n e g le c te d ,
(2) Since J \^  i s  g e n e ra lly  very  sm all ? JÛ^Êk f f  w il l
be smaXlT Also ky ? e tc .  a re  sm a ll, and conse­
q uen tly  term s which con ta in  p roduc ts  o f th e  above 
components may be n e g lec ted .
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In e r tia  F orces.
(a) Rotating: Out o f Balance Mass.
Kie to ta l  out of balance of the ro ta tin g  mass o f the  
crank w il l  be given by QrtlV where mn' denotes the ro ta tin g  
mass5 and r  the d istance between the centre o f gravity  
and the ax is o f rotation»
For our purpose i t  m i l  be s u f f io ie n tly  accurate and 
more convenient to represent the actual out of balance by a 
mass . s itu a ted  at tiie erankpinj as seen in  the previous 
se c tio n . 1‘he in e r t ia  fo rces  set up are in  th is  way 
represen ted , co rrectly  in  jnsignitude and d irec tio n , but 
s l ig h t ly  o f f s e t  in  th e ir  point of a p p lica tio n , i f  the mass 
i s  obtained through the fo llow in g  equations-
. . .  17 A
Having obtained the b est value fo r  the mass situ a ted  
at the orankpin, the in e r t ia  forces now fo llo w  rea d ily . 
Making use o f equations (5 A) and (7 A) re sp ec tiv e ly  we 
obtain  the complete value : -
 _______ =  V  \Ti ^ w \  n o . . I B A
™ Rw^( I  ^ Yl in lw b f . . .  19 A
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( t )  RqoI proeatin g  Maas.
Iist the symhol M denote the reo i pro eating  mass 5 
s itu a ted  at the sm all end o f the oonneoting rod. Making 
use o f equation (16 A) g ives the follo% ing complété 
expression  fo r  the in e r t ia  foros acting  on t h is  mass along  
the cy lin der centre l in e
M aa. ^  { Le&0 ■4*VCkc.&&>2.Q lfetC»CQ&‘4*Q * * . . 20 A
e*
-<*2. Lcofe Q •4'K‘a. c&a» 3.0^  Yl An Cc>s y\ S A
0  2 . © ) ^  l\v \ S w \  5 1^)  J
I t  fo llo w s from simple force an a lysis  th at the in e r t ia  
force  given by equation (20 A) w il l  be accompanied by a 
sidethruat perpendicular to the cy linder w all (see
F ig .7 6 )o
fh ia  ai de thrust w i l l  be given by$-
 __________________ n r ^  Mm, 4 ^ ^ Y___________________ * * 21 A
Erom the geometry of the oranlt mechanism we haves-
but sin ce  gen era lly  T  " ^ 3  we may fo r  our purpose u ser
Henoe the side thrust i s  given by
183
\ =  M aa. ‘X    . . .  22 A
She two foroes given, hy equations (20 A) and (22 A) 
w il l  he transm itted through the oonneoting rod and appear 
as loads on the oranlcahaft.
For oa lcu la tio n s on the oranlcshaft i t  w i l l  he most 
oonvenient i f  a l l  the applied foroes are represented hy 
th e ir  ra d ia l and ta n g en tia l oomponents on the cranltpin and 
a lso  the fo rces  due to the reciprocating  mass w i l l  there­
fore  he presented in  th is  way.
Prom P ig .76, i t  then fo llow s that the to ta l  tan gen tia l 
in e r t ia  force on the orankpin w il l  he given h y i-
W  ^  'Yn6<T H À À .s v n .6  +  T c q & S  .______________  . . . 23  A
S im ilar ly , the ra d ia l force w i l l  he given hy
^  qyiefft + Hàà. Los Q — Tfewv 0  ._________ . . .  24 A
tf i- i j - j i l i{nanKg|i»J i f f  wm,»raL-a.j8lL*UMj cnfc^jMii, i Il f  ■■ ■m m  m ji  n i uw i i n  ■■mitno  i i m  i m im>»w aw « h m ■ m iw u m iii p»iin iWi*ii^ iBi, 1 ■ b h im it      T n i
may now introduce (001: in stea d  o f the
angle 0  , where w  i s  the constant angular v e lo c ity  of
the crankshaft and ^  i s  the angle between crank 1 * and 
the crank imder consideration»
Making use of equations (IB A) » (20 A) and (22 A) 
g ives the fo llow in g  complete expression fo r  the ta n g en tia l 
fo ro es-
184
  . . .  25 A
M Lco6lwt+"S)"f'4K»,L(»$»Z(wt'+ i)y-lGK4WB'4'( wt~!r j) * *
""i" %(LoSWt l- i )  l ^k^LoSZCwt-t h tAt^CoSn.(wb
2â , *n
”* 4* IKx^vA X> ir^An^vm
 ______  ) < l ^ a c J . t w L ± : à ± A _ ^ _i ( e ^ t . 7 : i ) l i _______________
s im ila r ly , from equations (19 A), (20 A) and (22 A) 
we get an expression fo r  the rad ia l force:™
(
-Pa”* tnfn( ^^X nA nC o& hC w b-ti,))_________  • . . 26 A
±M  [Los(wL'4'i^+'4Kx(.osZlwtti)4- l4»K4U.s4Cu>ti--^ ) • '
ZlL(,slwh+i)+4kl.(.0Sa.(wt.-t-^))%^VlAnU'&hlwt-t&J 
lw t.4 r 4* %tf  ]LSW\%(wt ŸX A h h l w t  "t" &»|)J
 __________ X Lo& W t4-1) " ic  ( > -  C0£>_(^ <»t -V i #
for further progress in  the analysis we are only 
in terested  in  the Htho harmonics of the above two forces.
further, i t  w ill be assumed that the Nth. harmonics 
of the torsional vibrations of the crank are at resonance, 
when i t s  amplitude i s  large compared to that of any other
harmonie*
Making use o f t h i s ,  and a f t e r  a  co n sid e rab le  amount 
o f a lg e b ra , i t  w i l l  be found th a t  th e  ta n g e n t ia l  and r a d ia l  
components o f th e  Bth$ harmonic of th e  fo ro e s  on the  crank- 
p in  a re  given to  a good degree of approxim ation by th e  
fo llo w in g  two e q u a tio n s :-
CFt)n ( VA -♦* ~^( 1 "*• ))swv M IwL 4.&J . . . 27 A
4 - 9 ' (  . . .  2 8  A
I t  l a  n o tic e d  from equations (27 A) and (29 A) th a t  th e  
Mfth# harmonica o f th e  ta n g e n tia l  and r a d ia l  fo rc e s  on th e  
orankpin have phase ang les which are  independent of th e  
oranlc an g le , and s o le ly  dependent on th e  phase angle of the  
nth* harmonic o f th e  crank v ib ra tio n s*
At resonance co n d itio n s  when a l l  cranks a re  e i th e r  in  
phase o r a n ti-p h a s e , t h i s  angle as given by N&k> , w il l  
e i th e r  be th e  same o r 180^ d if f e r e n t  f o r  a l l  cranks*
^he Buooess o f th e  fo rc e  c a lc u la t io n s  on th e  c rankshaft 
i s ,  to  a g re a t e x te n t, based on th i s  l a s t  o b se rv a tio n , which 
i s  th e re fo re  of .g rea t importance*
Addendum:-  from eq u a tio n  (26 A) i t  w i l l  be seen th a t  th e
laé
constant valuo o f  the cen tr ifu ga l force  w i l l  he given hy 
the fo llow in g  equation*■»
Œ  (av\H- "9'( I "+ •^(•^) )) . . . .  29 A
A P îiirax I I .
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OmiQXL BI'SÏEM.
A diagram of an o p t ic a l  system deaignod f o r  m easuie- 
m eats o f to r s io n a l  v ib ra t io n s ,  i s  shown i n  f i g . 77#
L igh t from a p o in t source i s  r e f le c to d  by a m irro r  and
th e r e a f t e r  focussed  by a  le n s  on th e  sc reen  o f a camera*
The p r in c ip le  o f th e  p o in t l i g h t  source i s  i l l u s t r a t e d  
by fig*  784 L igh t from th e  filam en t o f a p o in t source bulb
i s  focussed  on a sc reen  in  which th e re  i s  a sm all hole* The 
l i g h t  coming through t h i s  hole w il l  then  behave as though i t  
came from a p o in t source p o s itio n e d  a t  th e  h o le .
To o b ta in  th e  c a l ib r a t io n  f a c to r  f o r  th e  o p t ic a l  system 
th e  fo llo w in g  nom enclature w il l  be u s e d :-
4\ Es movement o f v i r t u a l  p o in t ob jec t*
S movement of p o in t image on sc reen .
0. d is ta n c e  o f l i g h t  source from le n s -
-  d is ta n c e  of screen  from le n s .
sa d is ta n c e  o f l i g h t  source from m irro r
-  angu lar d e f le c tio n  of m irror*
Prom P ig .77 th e  fo llow ing  two eq u a tio n s  a re  o b ta in e d :-
___________________________
A  » =  l A S a __________________________ _
H ence t h e  c a l i b r a t i o n  f a c t o r  o f  t h e  sy s te m  w i l l  b e  g iv e n  byt-
 ______________T  ^  ^  a s . . . .  91
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188.
OS0IR.A®OE-13ISOEXMIM$OH ÏÏHïï
She o iro u it diagram of the O scillator-Id .B orialnator  
im it i s  shown in  P ig ,79.
She main d e ta ils  are as fo llo w st-
...................... B .P .50. (O so illa tor)
Vg G .d.5 . (Oathode Pollower)
Tj • " * • * • S .P .61. (Am plifier)
. . . . .  . S .E .61, (mraiter)
V g ...........6.H. 6. (E isorim inator)
0., . . .  0 -  75 p .p . I .P .S . -  1 .7  M.G.
Xi
Cg , . . 0 - 5 0  p .p . ®1 " to  o s c i l la to r  a t 1«7 M.O.
Bandwidth , , .20 K.o. at 1.7  M.0.
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Graphs a re  given fo r  th e  l a t e r a l  d l eplaoement of 
th e  eram kehaft jo u rn a l i n  B earing 4 of the  b± x  cy lin d e r  
d ie s e l  engine $ E»Eo 0  ^60, Mr* 51 <, f o r  co n stan t speeds 
rang ing  from 600 to  2000 H,P,Me
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j^ e lm çati om Net a g
Œhigi appendix co n ta in s  a p re s e n ta tio n  o f th e  num erical 
work w'hioh has he en c a r r ie d  out in  connection  w ith  the 
th e o r e t ic a l  a n a ly s is  o f ahrijak-^fitted  assem hlies*
üDo ga in  a f a i r  p ic tu re  of th e  im portan t f e a tu re s  of 
th e  prohlemi) i t  was decided to  f in d  s o lu tio n s  in  term s of 
th e  s t r e s s  fu n c tio n  fo r  f iv e  d i f f e r e n t  r a t io s  o f th e  f r i c t i o n  
g r ip  to  th e  nominal shear s tre ss*  C^ee Big#89-92)*
In  a d d it io n  to  these? and f o r  th e  purpose o f com parison, 
a s o lu tio n  was a lso  c a rr ie d  out f o r  a s o l id  s h a f t  of th e  same 
geoTâotrioal c o n f ig u ra tio n  as the  a h r in k - f i t te d  assem blies# 
(See Big#B8)*
For th e  s o lid  sh aft?  and fo r  th e  fo u r  s h r in lc - f i t te d  
aeaem hlies f o r  which th e  r a t io  o f th e  f r l o t i o n a l  g r ip  to  th e  
nom inal shear s t r e s s  i^anged from #525 to  #225 in c lu s iv e ?  a 
r e la x a tio n  n e t o f s ix  d iv is io n s  over th e  s h a f t  ra d iu s  was 
found to  he s u f f i c ie n t ly  a c c u ra te .
However? f o r  th e  l a s t  so lu tion?  which was c a r r ie d  out 
f o r  a  M gher f r i c t i o n  g r ip  r a t io  of *750? i t  was foimd
n ecessa ry  to  use  a f in e r  mesh„ (Bee F ig#92)*
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r a t i o  were abandoned as being  too lab o u r  oonsraring.
îïîbe r e lo c a t io n  n e ts  f o r  the  s h r i n k - f i t t e d  asBembliee 
ehov/ a heavy l i n e  which in d ic a te s  th e  range over which s l i p  
ta k e s  p lace  y drawn from th e  corner where th e  s h a f t  e n te rs  
th e  hubo
A more exac t measure of th e  depth of s l i p  g however j,
has been ob ta ined  from l a t e r  c a lc u la t io n s  based on th e
r e la x a t io n  n e ts .
Bpeoimen O aloulationg
A specimen c a lc u la t io n  w i l l  now be given to i l l u s t r a t e  
f u r th e r  developments from, the  r e la x a t io n  n e t s ,
F i r s t  of a l l s  i t  w i l l  be n ecessary  to  convert the 
v a lu e s  given f o r  th e  s t r e s s  fu n c tio n  in to  s t r a i n  r a t i o s .
I t  was found most convenient to  do t h i s  i n  the  fo llow ing  
way.
F i g .93 shows graphs o f  the s t r e s s  fu n c t io n  p lo t te d
a g a in s t  T f o r  v a r io u s  va lues  of % .
A sudden change in  th e  g rad ien t of some of those graphsj 
when they c ro ss  the  m ating su rface  between the  hub and the  
s h a f t  ÿ in d i  oat es s l i p .
She g ra d ie n ts  a t  the mating su rface  of th e  graphs of 
s t r e s s  fun.otion p lo t te d  ag a in s t rad iu s  a re  now measured and







































ezitGjceâ in to  l^igo94? bo th  f o r  th e  hub and th e  shaft;, end, 
"by making use of equsitlon (74 )p the  corresponding v a lues  
f o r  th e  s t r a i n  r a t i o  can e a s i ly  be ob ta ined  *
The i n t e g r a l s  j as req u ired  i n  equation  (77)
to  o b ta in  the  to r s io n a l  s t i f f n e s s  of the  aaaem blies are  
ev a lu a ted  g ra p h ic a l ly ,  The ajxial s t r a i n  r a t i o s  i n  the 
s h a f t  a t  a ra d iu s  are p lo t te d  a g a in s t  a x ia l  p o sitionsn
Emd th e  a rea  under t h i s  curve which i s  equal to the  above 
i n t e g r a l  i s  found by making use of a p lan im e te r .  (See 
flg*95)^
I t  i s  req u ired  to  choose th e  l im i t s  suoh th a t  the  
In teg ra] , w i l l  co n ta in  a l l  e f f e c ts  derived from the corner 
where th e  s h a f t  e n te rs  th e  hub. P a r ts  o f  the  assem blies 
o u ts id e  th ese  l im i t s  can be t r e a te d  as p la in  s h a f t s ,
Pi go 96 shows th e  v a lues  of P lo t te d  a g a in s t
% f o r  a l l  the  f iv e  s h r in k - f i t t e d  assem blies  under 
c o n s id e ra t io n .  I t  w i l l  be no ticed  th a t  to  a f a i r  approxi­
m ation the  V a r ia t io n  of \%L%r w ith  %, i s  l i n e a r  and, 
Bialcing use of t i l l s  s im p lif ic a t io n ^  the  i n t e g r a l s  req u ired  
f o r  th e  e v a lu a tio n  o f  s l i p  and dam,ping cap8.eity a re  easily- 
ob ta in ed ,
The in t e g r a t io n  w i l l  now be taken  from th e  s e c t io n  of 
th e  sh rin lt« ,f it ted  assembly a t  which s l i p  begins to  the
F i g .  96.
1- 0 '
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corner where the  s h a f t  e n te r s  the  huh.
The complete r e s u l t s  o f  the  num erical c a lc u la t io n s  
c a r r ie d  ou t i n  t h i s  Appendix are  now p resen ted  i n  P:lg*97. 
These a re  v a lu es  f o r  s t i f f n e s s j  s lip ^  s t r e s s  co n cen tra tio n  
and damping capacitors? c a lc u la te d  f o r  f iv e  d i f f e r e n t  va lues  
o f  th e  r a t i o  o f  f r i c t i o n  g rip  to  noM nal s h a f t  s t r e s s .
f 'or th e  purpose of g raph ica l representationj>  the  
in v e rse  of th e  f r i c t i o n  g r ip  r a t io  i s  used as a more 
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Q om m u oT ioiA ii bbi’a i l s
!SMs Appendix g ives some o o n s tru e t io n a l  d e t a i l s  
f o T  th e  appar£*atus used f o r  measurements of sh rlm k ^ fit  
damping» (Bee Fig» SB
%he apeeiraen olamping i s  given i n  Flg$98»
3!he e x c i t e r  d r iv in g  rods a re  shown i n  Fig»99«
The arrangement olamping th e  e x c i t e r  d r iv in g  rods 
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OOBFFIOIBM OP PlIOSIGl.
Oaloulatlona o f the c o e f f io ie a t  of f r ic t io n  were carried  
out hjr maMmg uee o f experimental ré su lta  in  r e la tio n  to the 
g r ^ h  ohtained hy considering the e la s t ic  behaviour of 
Bhrink«-fitted aasemblleaj of percentage damping versus the 
ra tio  o f nominal s t r e s s ^  to f r ic t io n  grip* (See Pig^5 7 )«
l e t  us consider the i n i t i a l  curve fo r  specimen G* at 
&fü damping. (3ee P ig . 65)»
ÎÜhe s tr e s s  corresponding to 6fo damping «5 7,600 Ih /in ^ . 
$he in te r fa c e  pressure, p, i s  ca lcu lated  using  Lame♦a
m
0q.uatlon05 p » 4 .33
Prom the th e o r e tlo a l graph (F ig .57), "V , corresponâing 
to  6fa damping» » 2 .5
cs*
2 .5
^  X 4 .33  3C 2240
lsnoes~
^  = -315
R esu lts o f the oa lou la tion s are given hy the Sahles o f  
F ig ,101, 102, 103 .
(1) A ll experim ental readings o f percentage damping are 
p lo tted  versus nominal shaft s tr e s s .
F i g , 101
INITIAL T e s t s
S p e c i m e n A B C D E
P
T / .  -2 / in 1 ■ à 2 -1£ 4  • 8 5 £ ■ 5 8 - G 5
i • 2 5 8 •219 ■804 • 5 5 5
2 ■558 •2 97 24  8 •817 ■490
i ■ -G25 •310 •271 •82 2 ■467
1! 4 ■654 •820 • 2 8 9 • 828 ■42
5 • 6 7 2 8 8 6 ■804 •880
15
Z 6 • £ 8 7 • 8 8 9 ■815
a
Z
< 7 •G87 • 8 4 4 ■822 !
;
0 8 6 7 7 • 383
o
9 ' GG5 •880
iO • 6 4 0 ■81 2
Average • £ 8 5 ■ 818 • 281 •820 ■488
C o e f f i c i e n t  o f F R I C T I O N  .
FIG.  1 0 2
F i n a l T E S T S
S P E C I M E N A B C D E
P T/in.^ 1-3 2-16 4-53 6-5 8-65
1 •95 •992 ■643 ■533 ■797
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C O E F F I C I E N T  OF F R I C T I O N
F i g , 103.
In i t i a l T e s t s
S p e c i m e n 2 3 4 5
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o
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